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SELECTION OF PLANTING STOCK FOR 
VINEYARDS 

FBEDERIC T. BIOLETTI 


Vines can be multiplied by seeds or by buds. Seeds are used only 
in the origination of new varieties. Commercial vineyards consist of 
clonal varieties multiplied by buds, the only way in which vines of the 
desired variety can be obtained. 

Growers propagate vines by means of ^ ‘ cuttings. ’ ^ A vine cutting 
is a segment of mature one-year-old wood including one or more buds. 
The vine from which the cutting is taken is called the “mother vine’’ 
or “parent” and the vine which grows from the cutting, the “daugh- 
ter vine” or “progeny.” Most grape growers and their advisers 
believe it is necessary for the best results to make a careful selection 
of the cuttings to be used for propagation. Some act upon this belief 
and choose a good healthy vineyard noted for the size and quality 
of its crop, avoiding vines which have borne few or poor grapes. 

REASONS FOR SELECTION 

The reasons for making this selection are to obtain a daughter 
vine (1) which will have the desirable qualities of the parent, and 
(2) which will develop rapidly. 

These reasons are based on the beliefs (1) that a bud carries 
the qualities of the parent, and reproduces them in the offspring, 
and (2) that the ease and rapidity with which the bud grows depend 
on its size, maturity, food reserevs and other factors of condition as 
regards health, vigor and nourishment. While all observers concur 
in a general way in these beliefs and there is little uncertainty regard- 
ing the most favorable conditions for growth and the methods of 
determining and making use of them, there are some fundamental 
differences of view regarding the degree to which the characteristics 
of the parent vine are reproduced in the offspring. 



2 


HUgardia 


[Vol. 2, No.l 


BASES OP SELECTION 

We can consider the differences which distinguish two vines as 
belonging to two classes : 

1. Those which distinguish the variety, e.g., the round, black, 
seedless berries of the Corinth and the elongated, large, white berries 
of the Olivette. These are heritable or, more properly, transmissible 
to the offspring by bud or vegetative propagation. 

2. Those which lie within the normal range of the variety, e.g., the 
black color of the Emperor when grown near the coast and the red 
color of the same grape when grown in the hot interior. These are 
usually considered as not transmissible. This means that a cutting 
taken from an Emperor bearing red fruit in Tulare County will pro- 
duce a vine bearing black fruit if planted in Sonoma County. 

The difficulty comes in deciding whether a certain difference 
belongs to one class or to the other. We have no doubt that the 
difference between the elongated, asymetrical berry of the Pizzutello 
and the regular, oblate spheroidal berry of the Palomino is varietal, 
and therefore transmissible, because, however many berries we examine 
of either, there is never any doubt to which variety each belongs. This 
is not the case with the nearly spherical berries which are supposed 
to characterize the Muscat Gordo Blanco and the obovoid berries 
which are supposed to characterize the Muscat of Alexandria, because 
both forms may occur on the same vine. There is doubt, therefore, 
whether these arc different varieties. 

Some try to resolve the difficulty by saying that there is only one 
variety but two strains and that if you grow a new vine from a 
cutting taken from a mother vine which has produced spherical grapes 
the daughter vine will produce spherical grapes. In other words, 
the difference observed is transmissible and characteristic of a certain 
‘‘ strain. 

However, if the difference is transmissible, it is equivalent to a 
varietal character and differs only in degree from other undoubted 
varietal characters. 

It is here the whole problem lies — is the difference transmitted by 
the bud from the mother vine to the daughter vine? In some cases, 
where there is a distinct difference of kind, this is very easily deter- 
mined by the growth of offspring. In other cases where there is simply 
a difference of degree, it is much more difficult. Whether the differ- 
ences which distinguish the various shades of red exhibited by the 
Tokay in different localities and even by different vines in the same 
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vineyard are heritable or not can be determined only by long and 
careful investigation and well controlled experiments. The reason 
of this is that the character we are dealing with is greatly influenced 
by environmental factors such as soil, water and climate. 

The most important case and perhaps the most diflBcult to decide 
is the ^‘heritability” or transmissibility of degrees of productiveness. 
To obtain a heavy bearing Muscat vine, are we assisted at all by 
taking our cuttings from a Muscat mother vine which has borne heavy 
crops? A belief that we are is the basis of a large part of the bud 
selection of vines and other fruiting plants which has been practiced 
in the past. It has been the common advice of books and specialists 
to keep ‘‘performance records’’ of individual plants of a variety and 
to use as a source of scions the individuals having the highest records 
for bearing. 

A publication issued in 1906^ states that: “A vineyard of 
pedigreed vines of all our most desirable varieties would be a most 
valuable acquisition for the State. Such a vineyard might be started 
with cuttings in the way described and each variety gradually brought 
up to its highest possible bearing capacity by grafting all the vines of 
each variety with cuttings taken from the vine of that variety which 
has shown the best and most regular bearing qualities during a term 
of years.” 

The Department of Agriculture of Victoria in 1924** gives the 
following advice : 

‘*The improvement of the fruit-growing capacity of a variety by means of 
careful selection of cuttings is no new discovery; it has repeatedly been recom- 
mended by different officers of this Department, and its importance is now very 
generally recognized. It is a point, however, which was for many years much 
neglected by the majority of Victorian vine-growers, with the result that several of 
our vine varieties show more or less marked deterioration in their yield of fruit. 

''In order to secure prolific scions, the best individual vines in a block of any 
given variety should be carefully marked — quality and quantity of fruit, as well 
as general health and vigor, are the essential points to be considered in the 
selection of these scion-bearing vines, which m.ay best be carried out immediately 
before vintage. Only fruit-bearing canes on the vines thus selected should be 
used as scions. ’ ’ 

This advice is evidently based on a priori reasoning from false 
analogy. The difference in egg production of two hens of the same 
breed is analogous to the difference in productiveness between two 
seedlings of a vine variety. In each case, the progeny individuals 

* Bioletti, Frederic T. Selection and preparation of vine cuttings. Cali- 
fornia Agr. Exp. Sta. Circ. 26:4. 1906. 

** Planting and reconstitution of vineyards. Unnumbered Circ. Dept. Agr. 
Melbourne, Victoria. Apr. 15, 1924. 
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are the result of a blend or assortment of the qualities of two parents 
(or with the plant of the reassortment of the qualities of a single 
heterozygous parent) and qualities of either parental factor may 
appear in the offspring. In a vine grown from a cutting, there are 
no parents in this sense. The new vine is not a new individual in 
the same sense as a chicken hatched from an egg. It is simply a part 
of a single individual — the clonal variety — which originated from a 
seed. All the millions of Muscat of Alexandria vines which are now 
growing in five continents are, from the point of view of heredity, 
simply parts of a single plant which originated from a seed, probably 
in Southwestern Asia many thousands of years ago. 

The a priori assumption, therefore, should be that any bud taken 
from any vine of Muscat of Alexandria will produce a vine having 
all the possibilities of any and all vines of this variety. It follows 
from this assumption that a bud from a Muscat vine which has never 
borne a crop is just as likely to give us a heavy -bearing daughter vine 
as a bud from a Muscat vine which has a long record of large crops. 
The onus prohandi lies with those who maintain the contrary. 

The only demonstrated basis for the contrary conclusion is the 
possibility of bud mutations. 

Occasionally there appears among Muscat vines, as among plants 
of other clonal varieties, an individual or unit showing some marked 
difference from the varietal complex of characters. Such a difference 
is, or may be, heritable in the sense that it is persistent and can be 
propagated by cuttings. Established cases of this kind are however 
rare in Vitis vinifera and only one well authenticated case has been 
noted in California among the 100,000,000 vines of the Muscat growing 
here. This is a case of ‘^gigantism,’' similar cases of which have been 
observed in California with several other varieties of Vitis vinifera. 
The black and red variations of the Muscat of Alexandria may have 
originated as seedlings. 

The great persistence of the characters of the Muscat is evident. 
What hope, therefore, is there that the bearing of Muscat vines can 
be improved by a careful selection of planting stock from mother vines 
having a high record for heavy bearing, and what danger is there from 
neglecting this selection ? 

INVESTIGATION 

In the hope of obtaining an answer to these questions, an investiga- 
tion was started at the Kearney experimental vineyard in 1911. A 
block of 1200 Muscat vines grown from unselected cuttings rooted 
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in a nursery in 1910 was planted in a piece of fairly uniform soil 
and a record of the crop of each vine kept for five years, 1914-18, 
In 1920, cuttings were taken from each of the 115 vines having an 
annual record of over 29 pounds (30 pounds~38 pounds) and of the 
86 vines having an annual record under 16 pounds (7 pounds-15 
pounds)^ These cuttings were rooted in the nursery and planted 
in a plot of very uniform soil in the Davis experimental vineyard 
in 1921. 

The plot consists of 18 rows of 35 vines each. Every fourth row 
commencing with row 1 was planted with the progeny of low-bearing 
vines and the intermediate groups of three rows with the progeny 
of heavy-bearing vines. They were arranged so that the vines of 
lowest-bearing parentage adjoined the vines of highest-bearing parent- 
age, i.e., vine 1 of rows 1, 5, etc., originated from a 7 pound parent 
and vine 1 of rows 2, 6, etc., from a 38 pound parent, and so on. 

The four groups of four rows were made as nearly replicas as 
possible except that the largest and most vigorous rootings of both 
heavy and light bearing parentage were planted in the first rows, 
and the following rows planted with rootings in order of gradually 
diminishing size and vigor. There was, therefore, a continuous and 
gradual reduction in the size and vigor of the rootings from rows 
1 and 2 to rows 17 and 18. 

CORRELATION OF CROP AND PLANTING STOCK 

This arrangement makes it possible to note any differences due 
to: (1) Bearing of the parent vines, and (2) quality of the rootings. 

Effect of quality of rootings, — Before taking up the influence of 
the parent vines, the influence of the rootings will be considered. 

There was a noticeable difference in the size and apparent quality 
of the rootings, but none of them were poor. Only two failed to grow 
and all the rest grew well. To a cursory glance, at the end of the 
second growing season, there was little difference of growth visible 
between the two ends of the plot. 

The first crop worth harvesting was weighed in 1923, when the 
vines were in their third year. The result of the weighings by rows 
is shown in chart A. 

Omitting rows 1 and 18, there is a fairly regular decrease of crop 
from one end of the plot to the other with no obvious influence ascrib- 
able to the parent vines. The influence of the size and quality of the 
rootings, on the other hand, is marked. The average crop of the vines 
in row 2, where the best rootings of heavy-bearing parentage were 
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grown, was 23 pounds, while that of the vines in row 16, where the 
poorest rootings of heavy-bearing parentage were grown, was only 11.7 
pounds. A similar contrast is shown by the vines of low bearing 
parentage. 

The best rootings (row 2) therefore yielded a crop of over 3 tons 
to the acre more than the fair rootings (row 16). The value of 
the extra crop was much greater than the total cost of the best 
rootings. 



CiiAET A. — First (1923) crop of progeny vineyard. Rows of low-bearing parent- 
age marked L. 


All the vines looked strong and healthy so that it is probable that 
the difference is simply one of quicker development. Later crops 
have indicated strongly that the vines from the poorer rootings will 
finally produce as well as those from the best. The loss is merely 
one of time. The difference in development is shown by the average 
circumference of the vines in the spring of 1924 as appears in table I 
where it is compared with the corresponding difference in crop. 

This table shows that the average circumference of the vines drops 
off from the north to the south of the plot. If we calculate the crop 
for each row in the ratio of the cube of the average circumference, 
we obtain a curve almost parallel with the actual crop curve except 
with the end rows 1 and 18. These rows are evidently abnormal in 
the amount of crop gathered, possibly on account of greater exposure 
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to wind during the blossoming season. There is plainly a direct 
correlation of both crop and size of vine with the size of the rooting 
at planting. This is made evident by the approach to parallelism of 
the crop and growth curves in chart B. 


TABLE I 

Mean Circumference of Trunk and Crop of Vines 


Rows 

Circumference, cm. 

Crop in pounds per row 

Actual 

Calculated* 

!♦* 

L 12.64 


539.0 


636 


2 

12.82] 


8IO.O] 


664] 


3 

12.79 

^ -12.72 

673.5 

^ -698 

659 

» -649 

4 

12.56] 


611. 5J 


624] 


5 

L 12.79 


644.5 


659 


6 

12.44] 


594.5] 


607] 

1 

7 

12.59 

1 -12.23 

606.5 

1 -597 

629 

1 

00 

8 

11.67J 


591. oj 


508] 

1 

9 

L 12.32 


610.0 


589 


10 

12.261 


608. o' 


581] 


11 

12.15 

1 -12.11 

572.5 

1 -586 

565 

1 -560 

12 

11.92J 


578. Oj 


534 J 


13 

L 12.08 


499.0 


556 


14 

11.98' 


549.0' 


542^ 

i -518 

15 

11.30 

1 -11.64 

443.0 

1 -467 

455 


16 

12.09^ 


409.5^ 


557^ 

1 

17 

L 11.61^ 


377.0^ 


493 


18** 

11.64 


262.0 

497 


Means 

12.21 


573.5 


570 



* The figures in this column are what would have been obtained if the crop had been in proportion 
to the cube of the diameter. 

** Rows 1 and 18 appear abnormal and are omitted in the calculation. 


The influence of the quality of the rootings on the first crop is 
shown very clearly by chart B. The figures give the average crop of 
35 vines for each of the 5 lots of vines with heavy bearing parents 
and of the 5 lots with light bearing parents. Each lot of the heavy 
bearers consisted of 3 rows except the 5th lot (row 18). 


8 


EUgardia 


[ Vol. 2, No. 1. 


The lower solid line of the chart represents the crop of the vines of 
heavy-bearing parentage, the upper that of the vines of low-bearing 
parentage. They are very nearly parallel except at the upper end and 
to a less degree at the lower. The probable cause of these exceptions 
has already been discussed. The fact that the line of the vines of low- 
bearing parentage is higher than that of the others and drops less at 
the lower end is probably due to selection of rootings. Only one-third 
as many ‘‘poor bearers’’ as heavy bearers” were planted and there 
was, therefore, a better selection of rootings. All the heavy bearers 
were planted, but there was a surplus of the poor bearers, which 
resulted in the rejection of the poorest rootings. 



The dotted line at the upper end of the line for vines from poor 
bearers represents about the position that it would have taken if the 
first row had conformed with the general increase of bearing from 
south to north. It is assumed that the best rootings in the two cases 
were equally good. 

Effect of the parent vines , — ^More than one crop is necessary to 
come to a definite conclusion regarding the influence of the parent 
vines on the bearing of the progeny, but it is interesting to find that 
there is no sign of any influence in the first crop. This can be seen 
clearly in chart C. 
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The solid line on the left shows the crops of vines of heavy-bearing 
parentage from row 2 to row 18. The average crops of the corre- 
sponding parent vines are shown by the dotted line below. A similar 
comparison is made for the vines of low-bearing parentage by the 
lines on the right. (The crops of the progeny vines are shown on 
a scale 3.5 times as large as that used for the parent vines.) 



C. EFFECT OF SELECTION OF PARENT VINES 


Vines fvbm Heav^Seaxexs 

V Crops oiC 

\(,.o 


Crops of Porerxl V\r\e.s 

V\caT\ ■ 


Vines from U^ht "Bcotets W* 
Cxops of \|\Y\e% 

VSjtOrv a N5. 7. 


6 3'On 17 


Cxops efi Parervl Vvr^ 

^ r^C,0LV\*\3 78 


i5l6r7Blo«. 173^56? 8 9IO\\l2\Slil5rl^\T»8 


Chart C. — Elfcet of selection of parent vines. 


There is an almost imperceptible falling off of crops of the heavy- 
bearing parent vines from north to south (left to right) and a more 
marked falling off from row to. row of each lot of three, but there is 
no correspondence with the much greater falling off in the same direc- 
tion shown by the crops of the progeny vines. 

With the light-bearing parent vines, there is a slight increase of 
bearing from north to south coinciding with the marked decrease of 
bearing of the progeny vines. 


BESULTS OF LATER CROPS 

With the vintage of 1925, the progeny vineyard had yielded three 
crops. Table II shows the average crop in pounds per vine for each 
row, for each year, and for the three years. 

The data of this table show evidence (1) of a general tendency 
to an annual alternation of higher and lower crops, (2) of a gradual 
recovery of the crops of the vines grown from the less vigorous roof- 
ings, and (3) a complete lack of correlation between the yields of 
the parent vines and those of the progeny. 
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Alternation of crops. — A distinct tendency to an alternation 
between heavier and lighter crops is shown by chart D(a). Row 18 
which produced only 49 per cent of the average in 1923 — ^the smallest 
crop of the year — produced 117 per cent in 1924 — ^the largest for this 
year except row 8. This indicates that the smallness of the crop of row 
18 in 1923 was not due to any defect of soil, but simply to the inferi- 
ority in size and vigor of the rootings planted, which delayed their 
development, and perhaps to some evanescent defect of position. With 
the second crop, this handicap had apparently been overcome. The 
small crop of 1923 allowed the vines to acquire the size and vigor 
necessary for the large crop of 1924. Similar and proportionate 
effects are shown by 15, 16 and 17, the other rows planted with the 
poorer rootings. 


TABLE II 


Ceops op Progeny Vineyard, 1923, 1924 and 1925. (Mean Crop Per Vine por 
Each Bow and Each Year.) 





1924* 



Means of 

Means of 

Row 

1923 

a 

c 

b 

1925 

1923-24 

3 years 

IL 

15.4 

13.3 

19.6 

6.3 

17.4 

17.5 

17.5 

2 

23.1 

12.5 

16.8 


22.7 


20.9 

3 

19.4 

13.3 

18.7 


20.2 

19.1 

19.4 

4 

17.5 

11.3 

18.3 

7.0 

22.0 


19.3 

5 L 

18.4 

11.9 

17.4 


19.5 

17.9 

18.4 

6 

17.0 

13.2 

17.9 


20.5 

17.5 

18.5 

7 

17.8 

15.1 

19.8 


22.0 ' 

18.8 

19.9 

8 

16.9 

14.6 

20.3 


22.2 

18.6 

19.8 

9 L 

17.4 

12.0 

18.1 


20.5 

17.8 

18.7 

10 

17.4 

10.0 

15.9 

5.9 

20.2 

16.7 

17.8 

11 

16.3 

10.5 

15.3 

4.8 

^ 19.8 

15.8 

17.1 

12 

16.5 

8.2 

12.3 

4.1 

18.7. 

14.4 

15.8 

13 L 

14.2 

9.2 

13.9 

4.7 

18.8 

14.1 

15.6 

14 

15.7 

9.1 

14.3 

5.2 

20.3 


16.8 

15 

12.7 

10.1 

15.9 

5.9 

22.1 

14.3 

16.9 

16 

11.4 

10.0 

16.6 

6.6 

19.4 

14.0 

15.8 

17 L ! 

10.8 

10.2 

18.2 1 

8.0 

20.8 

14.5 

16.6 

18 1 

7.7 

13.3 

20.1 

6.8 

18.4 

13.9 

15.4 

Means... 

15.9±.54 
<r 3.41 


17. 2d:. 31 
<r 1.92 


20.3dr.23 
<r 1.42 

16.5d:.30 
<r 1.94 



crop, b«2nd crop, c» total Bl8t+2nd nrope, for 1924. 

• A spring frost in 1924 injured many of the first shoots. The first crop was consequently light. 
The loss was made up, at least in great part, by a second crop nearly half as large as the first. The 
second crop is borne on lateral shoots and main shoots which grow after the frost. It was ne^eible 
in 1923 and 1925 and was not weighed. 
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On the other hand, row 2 which produced 145 per cent of the 
average in 1923 — the largest crop of the year — produced only 98 per 
cent in 1924. 


P. ALTERNATION OF CROPS 



. a. CR0F5 of l923onil924 

/ \ "SI C ,T)avyis 

■1 


23 

n 

ac 

19 

18 

n 

14 

15 

15 

4^ 

b. CROPS of 1924 ooi 1925 

j. \l\r\v^(y<6^ ‘yL,li\ocV\ C, ‘J)avi8 

\/ \ > 

..y' 

\ / 

V' 


1 

1 

7.0 

19 

18 

n 

U- 

O. CROP of 1925 (SmootWed Curved 

uy 



Chart D. — Alternation of Crops. 


The case is not quite so clear with the intermediate rows, 3 to 14 
inclusive, probably because the crops of these rows were nearer to 
the average, which may perhaps be considered the normal for the 
vines in these rows, where the alternation, due to over — or under — 
bearing, would be reduced to a minimum and thus be masked by the 
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effects of other factors which influence the crop. The graph indicates, 
however, that the 107 per cent of the average produced in 1923 by 
rows 6-9 planted with vigorous vines was less than their normal and, 
consequently, that they produced more than their normal or 111 
per cent of the average in 1924. The reverse seems to have been the 
case with rows 10-14 planted with less vigorous vines which produced 
more than their normal or 101 per cent of the average in 1923, and, 
consequently, less than their normal or 83 per cent of the average 
in 1924. 

Chart D(b) showing the crops of 1924 and 1925 indicates that the 
alternation of crops had to a great extent been overcome in all the 
rows with full development of the vines and by differential* pruning. 
The differences of crop shown by the different rows in 1925 are prob- 
ably due chiefly to variable factors which affect the vines irregularly, 
such as frost, and defects of pruning and irrigation. The continued 
deficiency of crop in the neighborhood of row 12 may indicate some 
constant unfavorable factor such as a less suitable soil. A defect of 
exposure or other factor of position may account for the deficiency 
in average crop shown by row 1 as compared with rows 2, 3 and 4, 
and of row 18 as compared with rows 15, 16 and 17. 

Ultimate effect of vigor of rooting s. — It has been shown (see 
chart A) that there was a high correlation between the quality (vigor 
and size) of the stock rootings when planted and the first full crop, 
at the end of the third season of growth. 

Table II shows that the deficiency in the yield of the vines grown 
from small rootings, marked in the first crop, tends to disappear in 
the second and third crops. This is indicated by the gradual decrease 
in magnitude of the standard deviation of 3.41 for the first crop to 
1.92 for the second and to 1.42 for the third. (See table II.) This 
is shown graphically by chart D(c) which indicates little or no varia- 
tion of crop at the third harvest ascribable to the original quality of 
the rootings. 

Correlation of yield of parent with yield of progeny. — The second 
and third crops have confirmed the evidence of the first that the yields 
of the parent vines have no perceptible influence on the yields of the 
progeny vines. This appears clearly in table III in which the three 
crops of the progeny of low-yielding parents and of the progeny of 
high-yielding parents are segregated and compared. 

^ * Differential pruning is the means used in pruning to increase the crop on 
vigorous vines and thus utilize their possibilities, and to decrease the crop on 
weaker vines and thus renew their vigor. It consists in pruning more or less 
severely inversely as the vigor of the vine. See: Some Common Errors in Vine 
Pruning and Their Eemedies. California Agr. Exp. Sta. Circ. 248:4,5. 1922. 
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The vines of high-yielding parentage produced in the three years 
an average annual crop of .5 pounds to the vine (3 per cent) more than 
the vines of low-yielding parentage. This difference is not significant 
because the coeflScient of variability of all the vines was 1.51 17.8 

or 8.48 per cent. (See table 2.) 

If we compare the crops of the vines derived from the highest- 
yielding parents with those derived from the lowest-yielding parents, 
we obtain a result of similar magnitude, but in the opposite direction. 

This is shown in table 4 which compares the average crops of the 
progeny of the 37 and 38 pound parent vines with the progeny of the 
7, 8, 10 and 11 pound parent vines. The difference in this case is 
.3 pounds or 1.5 per cent in favor of the vines of low-yielding 
parentage. 

Mutations of productivity . — It is plain that mass selection of 
parent vines for productivity has had no perceptible influence on the 
yields of the progeny vines. No significant difference was found 
between the average yields of 540 vines derived from 30-38 pound 
parents and the average yields of 172 vines derived from 7-15 pound 
parents. 

It remains to inquire whether among these high- and low yielding 
parents one or more may represent a mutation of productivity. For 
this purpose, table 5 has been prepared showing (1) the performance 
of the progeny of the highest- and lowest-yielding parents, and (2) 
the parentage of the highest- and lowest-yielding progeny. 

An examination of table 5 show^s under A that the progeny of the 
6 most fruitful parent vines having average crops of 37 or 38 pounds 
varied in average crops from 25 pounds to 5.8 pounds, and under B 
that the progeny of the 5 least fruitful parent vines having average 
crops of from 7 pounds to 10 pounds varied in average crops from 
23.7 pounds to 10.1 pounds. 


TABLE III 

Crops op Progeny op Low-Yieij)ino and op High-Yielding Parentage, 
Average Yield in Pounds per Vine 



1Q23 

1924 

Bi 

3-year 

mean 

Rows 1, 5, 9, 13, 17 (low-yield parents) 

15.2 

17.4 

19 4 

17.4 

17.9 

All other rows (high-yield parents) 

16.2 

17.1 

20.6 
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TABLE TV 

Crops or Progkny Compared with Crops op Parents 


Parent vines 

Progeny vines 

Mean crops for 5 years 

Mean crops for 3 years 

Vines* 

Crop 

Vines* 

1023 

1Q24 

1026 

Mean 

Heavy bearers: 







46:12 

38 

2:1 

16 

22 

25 

21 

46:12 

38 

6:1 

16 

17 

24 

19 

46:12 

38 

10:1 

11 

17 

22 

17 

46:12 

38 

14:1 

12 

9 

22 

14 

46:12 

38 

18:2 

7 

9 

12 

9 

43:18 

38 

2:2 

24 

17 

, 30 

24 

43:18 

38 

6:2 

19 

32 

23 

25 

43:18 

38 

10:2 

15 

21 

18 

18 

43:18 

38 

14:2 

20 

12 

25 

19 

37:19 

38 

2:3 

20 

22 

32 

25 

37:19 

38 

10:3 

12 

15 

16 

14 

37:12 

38 

6:3 

21 

12 

28 

20 

46:15 

37 

2:4 

26 

19 

23 

23 

46:15 

37 

6:4 

13 

12 

35 

20 

49:17 

37 ' 

2:5 ' 

27 

23 

26 

25 

49:17 

37 

6:5 

13 

29 

17 

20 

49:17 

37 

10:4 

13 

22 

23 

19 

49:17 

37 

14:3 

12 

14 

20 

15 

49:17 

37 

18:3 

0 

8 

10 

6 

45:21 

37 

2:6 

21 

23 

28 

24 

45:21 

37 

6:6 

19 

32 

24 

25 

45:21 

37 

10:5 

11 

31 

21 

21 

Means 

37.6 


15.8=fc.90 

19. Oil. 04 

22. 9± 85 

19.3i.73 




<r 6.25 

<r 7.25 

5.93 

<r 5.05 

Light bearers: 







22:23 

7 

1:1 

9 

11 . 

20 

13 

22:23 

7 

5:1 

21 

10 

22 

18 

22:23 

7 

9:1 

6 

6 

19 

10 

22:23 

7 

13:1 

10 

10 

33 

18 

16:17 

8 

1:2 

18 

27 

27 

24 

16:17 

8 

5:2 

16 

19 

16 

17 

21:22 

8 

1:3 

15 

30 

17 

21 

21:22 

8 

5:3 

20 

27 

25 

24 

21:22 

8 

9:2 

6 

15 

32 

18 

16:15 

8 

1:4 

19 

17 

25 

20 

29:18 

10 

1:5 

12 

27 

21 

19 

33:1 

11 

5:5 

21 

16 

32 

23 

33:1 

11 

13:2 

16 

19 

30 

22 

33:1 

11 

1:9 

23 

20 

21 

21 

50:7 

11 

5:4 

15 

21 

14 

17 

41:23 

11 

1:8 

26 

26 

32 

28 

Means 

9.4 


15.8±.98 

18.8±1.19 

24.lil.18 

19.6i.63 




<r 5.81 

7.08 

<r 6 .10 

<r 3.70 


* The numbers give the position of the vines in the experiment vineyards. 
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Table 5 shows further under C that the parents of the 9 most 
fruitful progeny vines having crops from 29 pounds to 25.3 pounds 
varied in average crops from 35 pounds to 13 pounds, and under D 
that the parents of the 9 least fruitful progeny vines having crops 
of from 1.3 pounds to 7.7 pounds varied in average crops from 33 to 
13 pounds. 

TABLE V 

CoMPAjasoN OP Individual Progeny Yields with Corresponding 
Parent Yields 


A. Yield of progeny of the heaviest yielding parents 


Yield of parents 

38 

38 

38 37 

37 37 


Yield of progeny 

20.8 

23.4 

24.3 22.4 

25.0 24.1 



19.1 

25.0 

13.7 19.3 

19.3 24.7 



16.3 

17.7 

20.0 

19.1 17.4 



14.2 

18.7 


15.1 




9.2 


5.8 


Means 

17.6 

18.8 

19.3 21.4 

16.9 22.1 

Mean 18.9 

B. 

Yield of progeny of the lightest yielding parents 


Yield of parents 

7 

8 

8 8 

10 


Yield of progeny 

13.3 

23.7 

20.3 20.2 

18.7 



17.1 

16.7 

23.5 




10.1 


17.3 




17.4 





Means 

14.5 

20.2 

20.4 20.2 

18.7 

Mean 18.0 

C. 

Yield of parents of the heaviest yielding progeny 


Yield of 






progeny 29.0 

28.0 28.0 

27.7 

27.3 27.0 25.7 25.7 25.3 

Mean 27. 1 

Yield of 






parents 14.0 

13.0 33.0 

33.0 

30.0 31.0 33.0 31.0 35.0 

Mean 28. 1 

D. 

Yield of parents of the lightest yielding progeny 


Yield of 






progeny 1 . 3 

1.7 3.0 

6.0 

6.6 7.0 ' 

r.3 7.7 7.7 

Mean 5.36 

Yield of 






parents 13.0 

31.0 30.0 

33.0 

33.0 30.0 30.0 14.0 32.0 

Mean 27. 3 


None of the 6 most fruitful parent vines gave rise to any of the 9 
most fruitful progeny vines (see tables 5 A and C) and none of the 
5 least fruitful parent vines gave rise to any of the 9 least fruitful 
progeny vines (see tables 5B and D). 
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It might be contended that the easiest place to detect a mutation 
of high productivity would be in the part of the vineyard where the 
average crops were lowest, though this would be to give up the whole 
case of the ‘ ‘ pedigree bud selectors. * ’ 

Chart B shows the parent vineyard at Kearney. The part of the 
vineyard from about row 13 to row 24 has many missing vines, and 
many with records of low yields. Only four of the vines with high 
records are found in this area. These are shown on the chart by 
two crosses and two stars. 

Table 6 shows the records of the progeny of the three of these vines 
from which progeny were obtained, and for comparison the records 
of the progeny of the three parent vines with low records growing 
nearest to the three high-yielding parents. 


TABLE VI 

Crops or Progeny or Heavy-Bearing Parents erom Poor Area 



Parenta 


Progeny 


Vine 

Crop 

Vine 

Crop 

Means 


Pounds 


Pounds 


20.6 

30 

16:14 

13.7 


20.6 

30 

16:15 

16.4 


20.6 

30 

13:5 

11.6 

13.9 

20:8 

36 

10:23 

17.9 


20:8 

35 

6:23 

22.4 


20:8 

35 

2:23 

25.4 

21.9 

21:8 

33 

7:13 

18.3 

18.3 


Mean 32.7 Mean 18.0 


Crops or Progeny 

or Light-Bearing Neighboring 

Vines 

Vine 

Parents 

Crop 

Vine 

Progeny 

Crop 

Means 



Pounds 



Pounds 


22:9 


12 

1:19 


19.8 


22:9 


12 

5:15 


15.7 


22:9 


12 

13:6 


16.7 

17.4 

19:10 


12 

1:16 


21.8 


19:10 


12 

5:12 


20.2 


19:10 


12 

9:8 


21.8 

21.3 

21:5 


14 

13:24 


13.7 


21:5 


14 

17:12 


15.7 


21:5 


14 

9:30 


17.0 

15.5 


Mean 

12.7 


Mean 

18.0 
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BLOCK C KERRNEY EW CROP 1914-18 


^ 14l0llilMIIS *^^2105 
i x;( 0 « 

5.. .^ 2187 

I...I ««•« 

8 44* 

6 I9SS 

7 2222 

8 «« ••••••• • • • • • 2388 

0 ** • • ••••• •••• 4 * •• 4 * 1817 

1 8 • I • • 2121 

li ••I*/*** ••\***..»*««*l <878 

i 2 .»««V ••• •)•••!•••••«•• . 20^8 

«il|» ••••••• 1827 

: •• ••••• 1387 

18 ••••; \ 1187 

• .1 Mil <817 

17.. ..^' : 1888 

18. . ..1j 1848 

1 8 • • • • • ^'•*••^1,?.'* ••((•I**** 1801 

20 ., •,•^•11 ••«••• 2220 

21 • • • • I • • 4 *«« • • t • • • • I • I I I • 1843 

22 I 2119 

23««||,|«««#«,|,«|«|,,#««| 1886 

24.. , •••(•••••••••I 2107 

29. . 1.,! 2382 

26, I ,,,, 2001 

27, I .2170 

28 2770 

28 |.. 4 ... 2072 

80.4,|,,4 24 19 

31 I 2525 

32 2563 

33 I • , 4 , • • • • I • I • •• • • 2325 

34 4,,4 2354 

35 , a,,,!,, 444* • • • <868 

36 2049 

37 •••,| •••••«••••• •||4*4* * 2036 

** I ♦it-it+tt* 

38 •••••••••• •« *4* * • • • #44* 264 8 

I -4***4 ••4*- 

41 4 ..^•... 4 .,..|, 2273 

+ +••+•••+• **'® 

• • , • *4* • * • •• 4 #^* 4 H 4 # 291 8 

.. 4 .,, 4 . 444 I .4 2740 

45 |,,., 4 ,,. . 4.441444 3214 

^ •4^'V 44^‘;4i** 3 37 1 

484 .. . 4 '; 4 *f •.•V^ 4 f 4 . . . . 4.444 5801 

8 84 . . 4 * ** * 4 * ** * 4 ** 3079 
4 8 • , » 1 1 . • , « , • , , a • . . • , 259 8 
50 • a . 4 . *4* * * 24 27 



.4.«af n.« If"'-!; O^r 80 Hm Ortr J4-46. 


Chart E. — Parent vineyard at Kearney. The 5 crops are shown by variations 

of shading. 
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The high-yielding parents had records of 35, 33 and 30 pounds, 
the low-yielding parents 12, 12 and 14 pounds. The average yields of 
the progeny were 18 pounds in the case of the progeny of the high- 
yielding parents and the same — 18 pounds — for the progeny of the 
low-yielding parents. The fact that the progeny of one of the high- 
yielding parents have the highest mean record — 21.9 pounds — is offset 
by the fact that the progeny of another of the high-yielding parents 
have the lowest mean record — 13.9 pounds. This record of 21.9 
pounds is, moreover, considerably lower than the 28-pound record 
of the highest-yielding progeny which originated from an 11-pound 
parent. (See table 4.) 

There is no evidence in this investigation, therefore, that the yield 
of the progeny vineyard would have been affected in the least weather 
the cuttings from which it was started had been taken from the 
heaviest-yielding vine in the parent vineyard or from the lightest. 


SUMMARY 

1. All commercial vineyards consist of clonal varieties propagated 
by buds. 

2. It is the general belief of growers and of their advisers that a 
careful choice of ‘^mother vines’’ on the basis of performance in the 
matters of yield, quality and other characters is necessary to maintain, 
and useful to improve, the fruitfulness and general utility of the 
variety. 

• 3. It is generally recognized that the use as planting stock of a 
bud cutting or rooting which is well grown and well nourished gives 
the best results. Opinions differ as to whether vines from weak stocks 
which grow will finally equal vines grown from strong stocks. 

4. To test the validity of these beliefs an investigation was started 
in 1910 at the Kearney experiment vineyard and continued at the 
Davis experiment vineyard until 1925. 

5. An experiment plot of 1200 Muscat vines was planted at 
Kearney in 1911 with rootings grown from stock of unselected vines 
rooted in a nursery in 1910. This .was called the ‘‘parent vineyard,” 
and a record was kept of the yield of each vine during the 5 seasons 
of 1914-1918. (See chart E.) 

6. In 1920, cuttings were taken from the 115 most productive 
vines in this parent vineyard and from the 86 least productive. The 
mean annual yield of the former was from 30 to 38 pounds and of the 
latter from 7 to 15 pounds. These cuttings were rooted in a nursery 
at Davis. 
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7. In 1921 an experiment plot of 627 vines was planted at Davis 
with the rootings obtained from the cuttings from the Kearney parent 
vineyard. This was called the progeny vineyard. 

8. Of the rootings of high-yielding parentage, 452 were planted 
in 4 groups of 3 rows each and 1 group of 1 row ; and of the rootings 
of low-yielding parentage, 175 were planted in 5 groups of 1 row 
each, alternating witli the groups of high-yielding parentage. 

9. All rootings were carefully graded and arranged in planting 
according to quality, i.e., size and perfection of form. There was 
thus a continuous and gradual reduction in the quality of the rootings 
from one end of the plot to the other. 

The arrangement was such that (a) the vines of highest-yielding 
parentage were contrasted directly with the vines of lowest-yielding 
parentage, and (&) the complication of vigorous vines growing near 
weak vines was avoided. 

10. Effect of quality of stock . — 

{a) The first crop of the vines from the strongest 25 per cent of 
the rootings was about 50 per cent larger than the first crop of the 
vines from the weakest 25 per cent. This difference was in great 
part reversed by the second crop and there was little diffe^’ence in 
the third crop. 

(6) The advantage of the strongest rootings was in reaching 
nearly full bearing the third season instead of the fourth as with the 
weaker rootings. The poorest rootings were all equal to what are 
usually considered No. 1 quality. With more imperfect rootings such 
as are very commonly planted, the difference would undoubtedly have 
been greater. 

(c) The larger crop of the vines from vigorous rootings was 
accompanied by a larger diameter increase of the trunk. 

11. Effect of mass selection of parent vines. No correlation was 
found between the crops of parent vines and the crops of progeny 
vines. Mass selection on the basis of yielding records had no per- 
ceptible effect. The average yields of vines derived from low-yielding 
parents were virtually equal to the average yields of vines derived 
from high-yielding parents and showed the same order of variability. 

12. Effect of individual selection of parent vines. From the 
6 highest-yielding parent vines were grown 22 progeny vines. Not 
one of the 9 highest-yielding progeny vines was among these 22. 

From the 5 lowest-yielding parent vines were grown 11 progeny 
vines. Not one of the 9 lowest-yielding progeny vines was among 
these 11. 
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DISCUSSION AND CONCLUSIONS 

The testimony of this investigation is that : 

1. Exceptionally large and well formed vine rootings developed 
more quickly and produced a full crop one year sooner than ordinary 
good rootings. 

2. The differences in bearing represented simply differences in 
rapidity of development and they almost disappeared with the third 
crop. With very inferior rootings they might never have disappeared, 
especially where rootings of various degrees of size and vigor were 
planted together. In such a case, the weak vines would be likely 
to be permanently inferior owing to competition with their more 
vigorous neighbors. This would bring about an irregularity of the 
vineyard which would probably persist and detract from its value. 
This is what occurs where missing vines are replaced in a vineyard 
even as early as the second year. 

3 Mass selection of vine cuttings on tho basis of the yields of the 
parent vines was of no value in improving or maintaining produc- 
tivity. 

4. The attempt to increase the bearing of a variety of vine by the 
selection of buds from a parent vine which has been distinguished 
by continuous and heavy bearing superior to that of the average or of 
any of the vines of the same variety but which shows no other 
distinguishing character is fruitless. 

5. The attempts of nurserymen and others to preserve or to 
improve the productivity of clonal varieties of fruit trees by bud 
selection based exclusively on yield records of the parent plants would 
be wasted efforts if applied to vines. That it is of any use for this 
purpose for other fruit trees is doubtful. 

OPPOSING EVIDENCE 

The last two conclusions are opposed to the opinion of some investi- 
gators. Some hold directly contrary opinions, which, however, appear 
to be founded on a wrong interpretation of the evidence. Two of the 
most notable cases are those of Davis* who studied bud selection in 
apples, and those of Shamel who studied citrus fruits, especially 
oranges and lemons. Shamel** et al, in a recent account of an investi- 

* Davis, M. B. The possibility of the transmission by asexual propagation 
of the high-yielding ability of individual apple trees. Scientific Agr. 2:120-124. 
1921. 

** SHAMEii, A. D., C. S. PoMERY, and R. E. Caryi#. Bud selection in the 
Washington Navel orange. Jour. Hered. 16:371-374. 1924. 
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gation of the results of bud selection of the Washington Navel orange 
states, These results indicate that the quantity and quality of fruits 
produced by citrus trees are transmissible characters occurring as bud 
variations and as such are capable of perpetuation through budding. ’ ’ 
It is not quite clear what the authors mean by this statement. If 
their meaning is simply that the productivity of a clonal variety is 
transmissible to new plants propagated by buds, their statement is 
merely a truism. The whole practice of growing plants by vegetative 
multiplication is based on the well established belief that productivity 
in common with all other characters is a quality inherent in the bud 
and of the growth arising from this bud whether the growth is made 
in the form of a branch on the tree where it originated or in the form 
of another tree produced by budding, grafting or any method of 
propagation by vegetative segments. 

If, on the other hand, they mean that all, or most, or many of 
the variations in yield of individual plants of a clonal variety are 
certain or even likely to appear in new plants propagated vegetatively 
from buds of these individuals, their opinion is ill-supported by the 
evidence they present. 

If a Washington Navel orange gives rise to a branch of markedly 
different habit of growth with fruit of plainly different quality and 
yields inferior to those of the type, as in ShamePs experiment, it is 
an example simply of an ordinary and easily recognized “bud sport 
or mutant. If these characters were not transmitted, it would be 
worthy of remark and require explanation. That they are transmitted 
does not render even probable that differences of yield unaccompanied 
by other appreciable differences would be transmitted in the same 
way. And yet this seems to be the only evidence submitted in support 
of the advice on which commercial bud selection associations have 
acted in keeping continuous and expensive records of individual trees 
for the purpose of improving the productivity of clonal varieties of 
orchard trees. 

If the mutation is evident without yield records, they are unneces- 
sary If the yield records are the only evidence of mutation, they are 
in the present state of our knowledge incompetent for the purpose. 
Yield records are not a means of detecting a mutation, but of testing 
the value of a mutation after it has been found by other means. 

In Davis' experiments scions were taken from three Wealthy apple 
trees with mean annual yield records of 105, 79 and 41 gallons 
respectively. No other differences in the trees were noted except that 
the light-yielding tree was smaller and weaker than the others. 
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The scions were root grafted on Crab seedlings and planted in 
parallel rows — the row of low-yielding parentage between the other 
two rows. The results were : 

1. Of the heavy bearers 24 per cent died, of the medium 18 per 
cent and of the light bearers 35 per cent. 

2. The relative order of the progeny trees in regard to bearing was 
the same as that of the parent trees. 


Yield records of the trees — 

Actual diffcrcnccft: 

Heaviest 

Medium 

Lightest 

Parent trees — mean annual crop in gals.... 

lOo 

79 

41 

Progeny trees — mean annual crop in gals.. 

57 

48 

35 

Percentage differences : 

Parent trees — mean annual crop 

100 

75 

39 

Progeny trees — iiieaii annual croj) 

100 

84 

61 


Under the new conditions, the progeny of the heaviest-bearing tree 
have fallen oif in yield 46 per cent, the progeny of the medium tree 39 
per cent and the progeny of the lightest-bearing tree only 15 per cent. 
That the differences have not disappeared entirely may very plausibly 
be ascribed to the fact that the scions of the low-bearing tree were 
probably weak like the tree from which they were taken, as indicated 
by their greater death rate, and probably made less growth during 
the first two or three years than their more robust neighbors. The fact 
that the row of weak trees was planted between the rows of strong 
trees would tend to maintain their disadvantage in later years. 

In the tests at Davis with Muscat, it required four years for fairly 
vigorous vines to overtake very vigorous vines growing under similar 
conditions. With apple trees which are slower in development and 
of less vigorous recuperative powers, it might require several years 
longer for a weak plant to overtake its stronger competitors. In the 
experiments described by Davis, it might never overtake them because 
of the difficulty of overcoming the handicap of a bad start in the 
proximity of its vigorous neighbors which would quickly take posses- 
sion of more than their share of the soil and space available. 

The evidence indicates that the higher yields of the progeny of 
the high-yielding parent trees was due to their higher initial vigor 
and that the difference tends to disappear. Davis ^ results are an 
argument in favor of vigorous propagation stock, but give little sup- 
port to the theory that he was dealing with mutations of productivity. 
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These two cases of bud selection of fruit trees which are supposed 
to have resulted in the increased productivity of a clonal variety and 
which appear to have been conducted with an approach to the require- 
ments of equal conditions and control checks are more probably to be 
explained in the one case as an ordinary bud mutation where, as 
usual, many characters varied and in the other as an example of 
delayed development, due to a start with ill-nourished stock and 
continued inferiority due to unfavorable conditions. In neither case 
is there any evidence of a bud mutation of productivity unaccom- 
panied by any other difference or of the possibility of detecting such 
a mutation by crop records if it did exist. 
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THE IMPROVEMENT OF TOMATOES 
BY SELECTION 

J. W. LESLEY^ AND .T. T. KORAf 


INTRODUCTION 

Although the numerous present-day varieties of tomatoes have 
been developed in the last 75 years from forms with smaller and less 
desirably-shaped fruits, the history of the evolution of our cultivated 
forms is obscure. As Bailey’ has pointed out, the extreme’y large 
fruit-size of certain cultivated forms is generally associated with that 
type of fasciation known as synanthy. Whereas the number of loculi 
or cells in the fruit of the small-fruited and doubtless more primitive 
forms, such as Red Cherry, is from two to three, in the large fruited 
varieties, such as Trophy and Ponderosa, the number is from 15 to 20. 
According to Warren’^ fasciation of fruit is determined by the reces- 
sive allelomorphs of two dominant Mendelian factors which inhibit 
fasciation. On this hypothesis the fasciated condition has presumably 
arisen by gene mutations. 

It is generally believed that in the later development of the tomato, 
selection has played an important role, though the literature on this 
subject is meager. Myers^ reports that in some instances the general 
character of the fruit produced by the progeny of single plant 
selections of Earliana and Matchless was less desirable than that of 
the original selection, but in others some improvement was recorded. 
Using statistical methods, Myers found that the progiuiies of selec- 
tions were less variable than the parent variety. Later, this author 
reported that there was no cumulative improvement through further 
selection and that the original selection was the important one. From 

* Assistant in Genetics. 

t Assistant Professor of Truck Crops, Associate Plant Breeder in Experiment 
Station. 
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this it may be inferred that the different lines isolated by Myers in 
his original selections were homozygous biotypes occurring in the 
parent variety. 

Hayes and Jones® found that continuous self-fertilization of 
tomatoes for three or four years, in four commercial varieties, did 
not cause any significant changes in productivity but resulted in the 
isolation in the first year of lines some of which were more, others 
less, productive than the original variety. 

Brown^ states that in the Greater Baltimore variety his lines 
selected for increased yield have given positive results, though his 
data have not yet been published. 

Strains of tomatoes resistant to the wilt disease caused by Fusa- 
rium lycopersici, have been developed by selection by several workers. 
According to Pritchard^® single plant selections within such strains 
usually transmitted to their progency the same degree resistance found 
in the original selections, and only in a few instances was increased 
resistance obtained by a second selection within such lines ; still later 
selections gave no increased resistance. 

The object of the work reported here is to isolate by selection 
within the Santa Clara Canner variety lines which are superior in 
fruit-shape and relatively free from the defects of the parent variety, 
while retaining its yielding capacity, solidity of fruit, resistance to 
Fusarium wilt, and other desirable characters. 

MATERIAL 

The variety of tomato most extensively grown for canning and 
the manufacture of tomato products in California is variously known 
as San Jose Canner, San Filippo, Jap Canner and Saiita Clara Canner. 
The last name, recently suggested by Mr. Prank A. Dixon of the 
Canners League of California, seems the most likely to meet with 
general acceptance and is used in the present report. Closely similar 
to it are the varieties Diener and Santa Rosa. 

Santa Clara Canner is said to have been developed from the old 
Trophy variety. Indeed, it resembles the present-day type of Trophy 
as grown in Alameda County, California. The flower is fasciated 
to a degree greatly exceeding that in most cultivated varieties, as 
shown in fig. 1; the fruit is very large, many-celled, has a deep 
cavity (stem-end depression), a deep basin (stylar-end depression), 
and is often irregularly convoluted. The fruit color is scarlet. In 
form and gross interior structure, the fruit resembles the Ponderosa 
variety, though the latter has pink fruit due to the recessive non- 
yellow ^n. 
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Fig. 1.— The loft and central flower clusters are of the Santa Clara Canner 
variety. Note the large, fjisciated styles, projecting beyond the stamens in some 
cases. At the right is a flower cluster of the Stone variety. 



Fig. 2. — Measurements used to determine fruit shape in tomato. E D, equatorial 
diameter; P D, polar diameter; L, length. 
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As a variety for the cannery Santa Clara Canner has some serious 
defects. The fruit shape is very variable. Forms that are oblate, 
with a deep depression at the stem-end and a wrinkled, irregularly 
lobed or so-called ^‘cat-face” condition at the stylar (blossom) end 
predominate. A large stylar scar which cracks easily and results in 
leaky fruit often accompanies a defective stylar end. There is gen- 
erally a large white fibrous core permeating the central part of the 
fruit (fig. 3D). These characteristics necessitate increased labor 



Fig. 3. — Internal characteristics in the Santa Clara Canner variety; A, large 
meaty core with a ^'clierry center,’^ good type; B, cells too large, not enough 
cross-walls; C, many abortive locules, characteristic of rough fruit; D, large hard 
white core in center of fruit. 


and the loss of a large part of the fruit in preparing it for canning, 
make it difficult to secure an attractive “solid pack’’ and detract 
from the quality when such tomatoes are used for the manufacture 
of pulp, catsup or paste. On the other hand, this variety has some 
very good qualities which cause it to be considered the best of existing 
types from the canner ’s point of view for production in California. 
The yield is often very heavy ; the fruit is unusually firm and solid ; it 
stands handling well; the walls or interlocular septa are thick, and 
the cells or loculi are numerous but small (fig. 3A). The color of 
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the flesh is fairly satisfactory. The fruit is very large which makes 
picking economical, but it is often too large to permit the canning of 
whole fruit. Furthermore it has been shown^ that this variety pos- 
sesses a fair degree of resistance to Fusarium wilt. 

PROCEDURE 

In 1922, in connection with a general program of tomato breeding, 
selections were made of fruit from single plants in commercial fields 
of Santa Clara Canner in different parts of the state. In 1923 the 
progenies of these selections were tested at the Citrus Experiment 
Station, Riverside, and at the Branch of the College of Agriculture, 
Davis, California, and further selections were made within the 
progenies that seemed to approach most nearly the ideal sought. 
Additional selections were made also from the original variety in this 
year. These subsequent selections have been made chiefly of fruit 
from flowers bagged and self-pollinated by hand at Riverside, but 
also from fruit of unprotected flowers at Davis. Lesley® found that 
at Riverside nearly 5 per cent cross-fertilization occurred in unpro- 
tected flowers of the variety of Magnus, which has a relatively long 
style with the stigma usually projecting beyond the staminal cone ; the 
short-styled variety Dwarf Champion was much less subject to cross- 
pollination. It has been shown by Fink^ that wind-pollination does 
not occur in the tomato at St. Paul, Minnesota. According to his 
observations, bumble bees were the only insects that visited tomato 
flowers in a manner that might cause cross-pollination. At Riverside 
bumble bees visit tomato flowers freely, and no doubt contribute to 
the cross-pollination. These insects are relatively rare in the interior 
valleys, and have not been observed to visit tomato flowers at Davis, 
where little evidence of cross-pollination was found. Hence it was 
thought that at Davis selections could be made more safely from the 
fruit of unprotected flowers. 

In 1924 and 1925 the progeny tests and further selections within 
them were continued. In 1925 three generations of single plaiit 
selection appeared to have given rise to lines of definite types, 
different from the parent variety, and from one another. It therefore 
became necessary to devise methods of measuring certain of these 
differences, in order that the most desirable lines might be selected for 
propagation. Some qualities, such as color of flesh, presence or absence 
of flbrous core, thickness of walls and number of cells may be roughly 
evaluated by eye. For others, particularly form, size and uniformity 
of fruit, it seemed that biometrical methods might readily be applied. 
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FRUIT SHAPE 

The first method tested was simply to record the percentage of 
defective fruit produced by each line. In classifying the fruit the 
word ‘‘rough’’ is used here to denote defectiveness of fruit shape; 
as applied to the stem or basal end of the fruit it denotes a deep 
cavity and more or less corrugation or folding of the surface around 
the cavity (fig. 4); as applied to the stylar end, “rough” implies 
a wrinkled or lobed condition forming an irregular basin and a large 
stylar scar (fig. 5). The terms “smoothness” and “ roughness 
are conveniently used to express the proportion of “smooth” and 
“not-smooth” fruit. 

At each picking the fruit was graded into 4 classes: (1) rough at 
both ends, (2) rough at the stem end only, (3) rough at the stylar 
end only, and (4) smooth. Tables 1 and 2 give the proportions 
observed and the average weight of a single fruit in the selected lines 
grown at Davis and Riverside in 1925. Although depending on 
personal judgment, this method of classifying individual fruits seemed 
to give useful indices of type and this impression was confirmed by 
the measurements of the fruits shortly to be described. 

Among the lines grown at Davis, listed in table 1, the percentage 
of smooth fruit varied from 48 per cent to 98 per cent, while the 
original variety had only 38 per cent in this class. Evidently some 
of the selections had transmitted the desirable qualities of shape to 
a much greater extent than others. The two strains’having the highest 
percentage of smooth fruit resembled the Stone variety in size and 
shape of fruit, and were too small to be commerciaUy desirable. Line 
78-1-4 consisted of smooth fruits, about the size of Stone but resem- 
bling Santa Clara Canner in their firmness and interior characteristics. 
Whereas the original variety had a high percentage of fruits in all 
three classes of defectives, some of the strains showed a predominance 
of one class of defect. Thus 72-3-1 had a high percentage of fruits 
rough at the stylar end, though otherwise smooth and of good type. 
Considerable difference also occurred in the average weight per fruit, 
some lines exceeding and others falling short of the original variety. 
Some of the lines discarded in earlier years had large celled, soft, 
watery and puffy fruit. Practically all the lines grown in 1925 had 
the thick walls, numerous small cells and firmness characteristic of 
Santa Clara Canner, but were largely free of the fibrous core. There 
were very marked differences in season of maturity. Some of the 
strains were much earlier than the parent variety. It was not pos- 



Fig. 4. — Showing various dogrees of roughness at the stem end of fruits of 
the Santa Clara Canner variety; the rougher types predominate in the commercial 
strains. 



Fig. 5. — Irregular or rough stylar ends, characteristic of many fruits in the 
Santa Clara Canner variety. Such defects have been practically eliminated in 
some of the selected lines. 
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sible to obtain satisfactory data on this point at Davis in 1925, as only 
two pickings were made, and the number of plants in most strains 
was not large enough to give reliable data on production. The yield 
per plant in table 1 may be taken to indicate roughly the relative 
earliness of the strains rather than any real differences in yielding 
power. 


TABLE 1 

Classification op Fruit According to Defects, in Lines Grown at Davis, 

California, in 1925 


Pedigree Number 

Num- 
ber of 
fruits 

Smooth 

Rough 

both 

ends 

Rough 

stem 

end 

Rough 

stylar 

end 

Average 

weight 

(grams) 

Average 
yield per 
plant 
(grams) 



Per cent 

Per cent 

Per cent 

Per cent 


, 

46-1-1 

47 

98 

0 

2 

0 

224 


55-3-1 

25 

92 

4 

0 

4 

170 


55-1-2 

34 

91.2 

3 

0 

6 

303 


53-1-1 

86 

91 

2 

0 

7 

210 


78-1-4 

344 

88.4 

5 

1.4 

5.2 

212 

10,381 

55-1-1 

581 

86.6 

8.2 

2.6 

2.6 

309 

13,405 

57-10 

834 

85.2 

6.8 

3.5 

4.4 

289 

13,155 

78-1-1 

132 

84.9 

6.8 

1.5 

6.8 

322 

8,490 

57-4-1 

26 

84.6 

7.7 

0 

7.7 

298 


17-1-1 

367 

83.7 

8.7 

4.3 

3.3 

284 

7,321 

72-2-1 

278 

80.6 

6.1 

9.8 

3.6 

190 

13,270* 

53-1-2 

546 

76.6 

8.2 

1.5 

13.5 

264 


78-1^3 

195 

74.8 

12.8 

7.7- 

4.6 

360 

8,270 

78-1-2 

481 

73.8 

13.7 

4.8 

7.7 

314 

11,417 

246-1 

32 

75 

15.6 

0 

9.4 

359 


75-1-1 

550 

73.8 

12.4 

10.3 

3.5 

351 

13,776 

57-1-1 

67 

67.2 

14.9 

11.9 

6.0 

292 


23-2-2 

32 

63 

18.7 

3.1 

15.6 

258 


55-2-1 

58 

62 

19.0 

5.2 

13.8 

378 


72-3-1 

27 

52 

7.4 

7.4 

33.3 

376 


46-1-2 

37 

51 

18.9 

24.3 

5.4 

330 


23-2-4 

32 

50 

47 

0 

3 

300 


46-1-3 

29 

48 

52 

0 

0 

358 


Santa Clara Canner 

124 

38 

32 

17 

13 

320 

5,686 


• Only one picking — very early strain. 


Beside the selected lines discussed above, lines have been obtained 
which have small 2-celled fruits, pink (non-yellow skinned) fruits, 
and fruits bewaring corky flecks near the stem end or fine golden 
specks over the entire surface. 
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Great differences were also found in the lines grown at Eiverside 
in the same year (table 2). The percentage of smooth fruit varied 
from 43 per cent to 78 per cent in the selected lines and the parent 
variety had 54 per cent. Except in 78-1-3, lines superior to the 
parent variety in percentage of smooth fruit at Davis were also 
superior at Eiverside, although the order of superiority was different 
perhaps owing to differences in response to environmental conditions. 
Among the smoothest lines in both trials was 17-1-1. The 8 lines with 
initial numbers 55 and 78 are derived from a single plant selected in 
1922. Except for one small lot (78-1-3, table 2) all of them showed, 
both at Davis and Eiverside, a higher percentage of smooth and a 
lower proportion of fruit rough at both ends than the parent variety. 
Typical fruits of one of these lines are shown in Pig. 8. As was the 
case at Davis the parent variety contained a considerable proportion 
of all three classes of defectives ; however, several selected lines showed 
a predominance of stylar-end defects. Probably in making selections 
this defect is more easily overlooked than the more obvious stem-end 
roughness. In one line a larger proportion of the fruits showed 
the longitudinal corky sutures than in the original variety (figs. 
6 and 7). Another line, 23-2-1, though superior in smoothness to 
the parent variety at Eiverside, contained a much larger proportion 
of soft and puffy fruits than the parent (fig. 9). 

TABLE 2 


CiAssinoATiON or Fruit According to Detects, in Lines Grown at Riverside, 

California, in 1925 


Pedigree Number 

Number 
of fruits 

Smooth 

Rough 
both ends 

Rough 
stem end 

Rough 
stylar end 

Average 
weight per 
fruit 
(grams) 



Per cent 

Per cent 

Per cent 

Per cent 


17-1-1 

51 

78 

4 

6 

12 

314 

24-2-1 

47 

70 

11 

6 

13 

353 

246-1 

64 

69 

11 

12 

8 

319 

23-2-1 

44 

66 

7 

2 

25 

227 

46-1-3 

33 

61 

9 

12 

18 

268 

78-1-1 

107 

60 

7 

7 

26 

275 

78-1-2 

78 

58 

4 

4 

35 

282 

78-1-4 

39 

56 

3 

8 

33 

259 

78-1-3 ' 

30 

43 

7 

3 

47 

285 

Santa Clara Canner.... 

61 

54 

11 

16 

18 

308 

Norton 

213 





130 
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Western blight was so severe on the Riverside plots that no yield 
determinations were practicable. 

The diversity of types that have been isolated indicates that the 
parental variety must consist of a mixture of genotypes. Probably 
this condition is in part a result of natural cross-pollination, small 
in degree but repeated over a number of years. Doubtless in some 
cases plants selected for their smooth fruit were the result of earlier 
natural crossing with some smaller smooth-fruited variety, such as 
Stone. 



Fig. 6. — Side view of fruits having a longitudinal suture and scar. Such 
fruits occur commonly in tlie Santa Clara Canner variety, and predominate in 
certain inbred linos, but are absent in others. 




Fig. 7. — Stem-end view of fruits having one or more longitudinal sutures with 
corky scars extending the entire length of the fruit. 


BIOMETRICAL STUDY OP THE SELECTIONS 

Brown and Hoffman® assume that a perfectly globular shape is 
ideal for the tomato fruit and propose as a measure of shape, the 
ratio of polar diameter to equatorial diameter. In practice this 
assumption appears to be not entirely warranted, at least for the 
size and type of fruit desired for the cannery in California where 



Pig. 8 . — Fruit of selected line 55-1-1, showing the smoothness of thi:i strain 
at both stem and stylar ends, while the size is only slightly less than that of the 
parental variety. 



Fig. 9. — * ^ Puffy fruits; note air spaces between seed jelly and outer wall. 

the desired size and internal characteristics which is even approxi- 
mately globular in shape. In our earlier work many selections were 
made of nearly spherical fruit, but all of these have since been 
discarded as lacking in firmness and size. A considerable degree of 
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“oblateness’’ seemed inevitable. And yet the improvement of the 
common canning variety of California seemed to involve the develop- 
ment of fruit having a longer polar axis in proportion to its equatorial 
diameter, more especially since it was suspected that the roughness 
of the commercial stocks of Santa Clara Canner was correlated with 
the deep cavity and more or less depressed basin. Hence to eliminate 
rough fruits some measure of depth of cavity and basin was required. 

In the measurement of fruit shape two ratios were used. The 
polar and mean equatorial diameters were measured and the ratio 
ED/PD calculated for individual fruits. This ratio is a measure 
of oblateness but is also influenced by depth of cavity and basin. 
The other ratio, which was though might be useful as an index of 
smoothness, was that of the extreme length to the polar diameter 
of the fruit (fig. 2 indicates the exact meaning of these terms). 
The ratio L/PD is largely a measure of the depth of the cavity 
although influenced somewhat by the roughness of the stylar end; 
it differentiates between spherical and oblate fruit in so far as shape 
is correlated with depth of polar depressions. These ratios were 
used in testing the relation between roughness and depth of polar 
cavities. For this purpose, one hundred twenty-four fruits of the 
parent variety, grown at Davis, were graded by eye into four classes 
according to smoothness, and the ratios ED/PD and L/PD determined 
for each fruit. Of the parent variety grown at Riverside, a sample 
consisting of sixty-one fruits was divided into two classes, smooth 
and not-smooth, and the ratio ED/PD determined. The mean ratio 
ED/PD for each class with their probable error, is given in the 
first part of Table 3. Similar comparisons were made also with the 
fruit of the selected lines 46-1-3 at Davis, and 78-1-1 at Riverside. 
On the same samples the ratio L/PD was determined, the results 
being given in the second section of table 3. 

Comparing the fruit rough at both ends to the smooth fruit, very 
large differences are shown both for ED/PD and L/PD, and these 
differences cannot be due merely to the fluctuations of random 
sampling. Fruit rough at only one end gives smaller but apparently 
significant differences from the smooth fruit. It was surprising to 
find that fruit rough only at the stylar end gave a larger difference 
for both ratios than that rough only at the stem end. In some cases 
the samples are small, but all show differences in the same direction. 
It seems therefore that either of these ratios gives a measurement 
of smoothness of fruit which is reliable and at .the same time likely 
to be more consistent than eye judgment. Similar measurements 
were therefore applied to some of the more promising lines, consid- 
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ering all the fruit from one picking. Table 4 gives the results of the 
measurements of eleven lines at Davis in 1925, the ratio ED/PD 
being given in the first section and L/PD in the second; the data 
from the lines grown at Riverside in the same season are shown in 
table 5. 


TABLE 3 

Comparison op Different Types of Fruit with Reference to the Ratios 

ED/PD AND L/PD 


ClaRS of fruit 

Placje 

Num- 
ber of 
fruit 

Ratio 

Difference 
from smooth 

In random 
sampling, 
odds 
against 
such a 
difference 
are 

Unselected parent variety 

Davis 


EDIPD 



Rough at both ends 


45 

2.530±.039 

.538±.046 

oo to 1 

Rough at stem end only 


16 

2.265±.035 

.273±.042 

oo to 1 

Rough at stylar end only 


15 

2.350±.046 

.358±.053 

oo to 1 

Smooth 


48 

1.993±.026 



Unselected parent variety 

Riverside 





Not smooth 


32 

2.14 ±.043 

.40 ±049 

00 to 1 

Smooth 


29 

1.74 ±.024 



Selected line 46-1-3 

Davis 





Rough at both ends 


15 

2.517±.058 

.560±.045 

oo to 1 

Smooth 


14 

1.957±.045 



Selected line 78-1-1 

Riverside 





Not smooth 


18 

2.03 ±040 

.32 ±043 

00 to 1 

Smooth 


34 

1.71 ±.016 



Unselected parent variety 

Davis 


LjPD 



Rough at both ends 


45 

1.690±.038 

.397±.040 

00 to 1 

Rough at stem end only.. 


16 

1.413±.016 

.120±.017 

00 to 1 

Rough at stylar end only 


15 

1.478±.021 

.185±.022 

oo to 1 

Smooth 


48 

1.293±.010 



Selected line 46-1-3 

Davis 





Rough at both ends 


15 

1.614±.049 

.311±.072 

267 to 1 

Smooth 


14 

1.303±.053 




The selected lines (tables 4 and 5) are listed in the order of their 
difference from the original variety. In ED/PD, these differences 
range from 13.7 times the probable error to less than the probable 
error. It is evident that some of the selections differ materially from 
the parent variety in shape, while others are almost the same as the 
parental type. At Riverside (table 5) the ratio ED/PD was lower 
than at Davis; lines such as 17-1-1 and 246-1 differed significantly 
from the parent variety. 
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With regard to the ratio L/PD, in tables 4 and 5, the order of the 
the different selected lines is similar to that for ED/PD. While the 
differences are smaller, they show about the same order of significance. 
An advantage of the ratio L/PD is that it tends to be approximately 
a measure of the smoothness of the fruit without reference to its 
shape. Such lines as 17-1-1 and 72-3-1, which are among the lowest 
both in ED/PD and L/PD appear to be smoother and less depressed 
at the poles than the parental variety. Nearly in agreement with the 
data of tables 1 and 2, many of the selected lines are lower in ED/PD 
and L/PD both at Davis and at Riverside; it may therefore be con- 
cluded that the}^ also are smoother than the parental variety. 

TABLE 4 

Comparison of Sflected Lines with tuf: Original Parf:nt Variety, with 
Reference to Ratios for Smoothness and Shape op Fruit, , 

AT Davis, California 


Selected line 

Num- 
ber of 
fruitu 

ED/PD 

Difference from 
parent variety 

Odds 

55-1-1 

163 

1.908i.015 

.357=t.026 

CO to 1 

72-3-1 

27 

1.927=fc.039 

.338zt.045 

c» to 1 

78-1-1 

60 

1.965db.014 

.300dr.026 

00 to 1 

C 246-1 

32 

2.005±.032 

.260±.039 

Approx. 200,000 to one 

78-1-3 

104 

2.011±.018 

.254±.028 

CO to 1 

55-1-2 

34 

2.020it.030 

.245it.037 

Approx. 200,000 to one 

78-1-2 

147 

2.076±.009 

.189i:.024 

Approx. 200,000 to one 

75-1-1 . . . 

99 

2.125zb.007 

.140±.024 

Approx. 15,000 to one 

57-1-1 

34 

2.163±.044 

.102±.050 

5 to 1 

23-2-4 

31 

2.19l±.044 

.074±.050 

2 to 1 

46-1-3 

29 

2.247±.051 

.018d:.056 

None 

Parent variety . 

124 

2.265±.023 





L/PD 



55-1-1 

163 

1.310i:.008 

.178±.017 

00 to 1 

78-1-1 

60 

1.310±.002 

.178±.014 

00 to 1 

72-3-1 

27 

1.326±.019 

.162i:.024 

Approx. 400,000 to one 

55-1-2 

34 

1.345±.029 

.143=1=. 032 

415 to 1 

78-1-3 

104 

1.361±.011 

.127d=.014 

00 to 1 

C 246-1 

32 

1.380±.021 

.108d=.026 

215 to 1 

78-1-2 

147 

1.385dr.009 

.103d=.017 

Approx. 20,000 to one 

23-2-4 

31 

1.408±.033 

.080=h.036 

7 to 1 

75-1-1 

99 

1.426±,012 

.062=t.017 

65tol 

57-1-1 

34 

1.430±.022 

.058=h.026 

7 to 1 

46-1-3 

29 

1.404±.038 

.024db.041 

None 

Parent variety 

124 

1.488d=.015 
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TABLE 5 

Comparison op 8ELBt:;Ti<a) Links with Orioinal Parent Varikty 8anta (^iara 
CaNNER, at RlVEIiSlDE, CALIFORNIA 


Selected line 

Num- 
ber of 
fruits 

ED/PD 

Difference 
from parent 
variety 

In random sampling, odds 
against such a difference 
are 

78-1-3 

34 

L64i.042 

.28i.045 

GO to 1 

17-1-1 

53 

1.70±.024 

.22±.030 

o 

8 

246-1 

74 

1.79±.021 

.13±.028 

657 to 1 

23-2-1 

60 

1.80±.027 

.12±.032 

78 to 1 

78-1-1 

120 

1.81dh.017 

.lilt. 025 

416 to 1 

24-2-1 

39 

1.85±.025 

.07zb.031 

7tol 

23-2-3 

56 

1.87±.030 

.05ib.035 

2tol 

46-1-3 

01 

1.87±.040 

.05±.044 

Itol 

78-1-4 

56 

1.89±.030 

.03±.036 

1 to 1 

78-1-2 

41 

2.01±.034 

.09±.038 


Parent variety 

167 

L92zh.018 





LfPD 



17-1-1 

26 

1.23±.022 

.12zh.027 

416 to 1 

24-2-1 

30 

1.27±.013 

.08±.020 

142 to 1 

246-1 

35 

1.28zb.019 

.07d=.024 

19 to 1 

78-1-1 

52 

1.29±.015 

.06^.021 

19 to 1 

Parent variety 

61 

1.35±.015 




The formulae used in this paper are as follows; 


Standard deviation, a- = 

V n 

Probable error of standard deviation, p.e o’ = ± .674.^ 


<r 

\/2n 


Probable error of mean, p.eMc=±.6745 

V n 

Probable error of difference between two means: square root of the sum 
of the squares of the probable errors of the two means. 


The significance of the difference between two means is estimated from a 
table given by Pearl and Miner in Maine Agr. Exp. Sta. Bui. 226, on p. 8S. 
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UNIFORMITY OF FRUIT SHAPE 

Three measurements of type of fruit have been evaluated : weight 
per single fruit, ratio of equatorial diameter to polar diameter, and 
ratio of length to polar diameter. The standard deviations of these 
variables and their coefficients of variability are shown in tables 
6 and 7. The different lines at Davis and at Riverside are listed in 
the order of their percentage of smooth fruit. 

TABLE 6 

Standard Deviation and CoEmciENT or Vamabiuty in Size and Fbott-Shape 
Batios of Selected Lines Grown at Davis in 1925 


Pedigree Number 

Num- 
ber of 

Weight per fruit 
(grams) 

ED/PD 


L/PD 


fruits 

a 

C. V. 


C.V. 

9 

C. V. 

55-1-2 

34 

106± 8.6 

% 

35.0 

.181db.015 

% 

13.4 

.264±.022 

% 

13.1 

55-1-1 

163 

113=t: 4.2 

37.2 

.169d=.006 

12.9 

.281 ±.010 

14.7 

78-1-1 

60 

127i 7.8 

41.5 

.028±.002 

2.2 

.164±.010 

8.3 

78-1-3 

104 

131± 6.1 

38.3 

.168dt.008 

12.3 

.274±.013 

13.6 

78-1-2 

147 

119± 4.7 

38.1 

.164=t.006 

11.8 

.287±.011 

13.8 

C 246-1 

32 

121±10.2 

33.7 

.180±.015 

13.1 

.269±.023 

13.4 

75-1-1 

99 

123± 5.9 

36.8 

.178=fc.008 

12.5 

.106±.005 

5.0 

57-1-1 

34 

91db 7.5 

30.1 

.193:4=. 023 

13.5 

.407±.049 

18.8 

72-3-1 

27 

112±10.2 

29.8 

.148d=.014 

11.2 

.303±.028 

15.7 

23-2-4 

31 

129=fcll.O 

43.0 

.278d=.024 

19.7 

.368±.032 

16.8 

46-1-3 

29 

153=4=13.5 

42.7 

.207=t.018 

14.1 

.406±.036 

18.1 

Parent variety.. 

124 

122db 5.2 

38.0 

.258=b.011 

17.4 

.383±.016 

16.9 


With regard to weight of fruit, it seems that in general the 
selected lines are almost as variable as the parent variety; however, 
lines 24-2-1 and 78-1-1 were distinctly less variable than the parental 
variety at Riverside, but 78-1-1 was more variable at Davis. 

As to shape, measured by ED/PD and L/PD, the smaller coeffi- 
cients of variability, especially for the former ratio, indicate that 
in some lines the fruit was much more uniform in shape than the 
parent stock. Lines 78-1-1 and 24-2-1 are remarkable in this respect. 
The values of L/PD also suggest that many of the lines were more 
uniform than the original variety; 24-2-1 and 78-1-1 are again 
outstanding in this respect. 
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TABLE 7 

Staotaed Deviation and CoErriciENT or Vaeiabiutv in Size and Fruit-Shape 
Ratios op Selected Lines Grown at Riverside in 1925 


Pedinree 

Number 

No. 

of 

fruits 

Weight per fruit, 
grams 

No. 

of 

fruits 

ED/PD 

No. 

of 

fruits 

L/PD 

<r 

c. v. 

o 

C. V. 

9 

C. V. 




% 



% 



% 

17-1-1 

53 

106=fc6.9 

34 

53 

.265=b.017 

15.6 

26 

.171db.016 

13.9 

24-2-1 

47 

96±7.3 

27 

39 

.229±.018 

12.4 

30 

.107=fc.009 

8.4 

246-1 

74 

116±6. 4 

36 

74 

.267=fc.015 

14.9 

35 

.163±.013 

12.7 

23-2-1 

60 

81db5.0 

36 

60 

.305±.019 

17.0 




46-l-3.i 

61 

109=t6.7 

41 

61 

.460dh.028 

24.5 




78-1-1 

120 

86±3.7 

31 

120 

.273=b.012 

15.1 

52 

.156^.010 

12.1 

78-1-2 

78 

121=b9.0 

43 

41 

.322=fc.024 

16.0 




78-1-4 

56 

114=h7.2 

44 

56 

.342=t.022 

18.1 




78-1-3 

34 

116=t9.5 

41 

34 

.359=t.030 

21.8 




Parent 










variety.. 

167 

120=t4.4 

39 

167 

.348dr.013 

18.2 

61 

.175=b.011 

13.0 


COMPOSITION OF THE SELECTED LINES 

The value of tomatoes to the canner and to the manufacturer of 
tomato products depends in part on the composition. High percentage 
of solids, especially of soluble solids, is considered desirable. It is 
intended to follow these factors closely in the further study of our 
selected lines. A single series of determinations was made on eight 
lines at Davis late in the season of 1925. The results are shown in 
table 8. 

The procedure was to take a random sample of 20 fruits, from 
which longitudinal segments were cut to make a sample of 500 grams. 
The sample was chopped fine with a knife, transferred to a 1000 cc. 
volumetric fiask, distilled water added and after shaking well, made 
up to volume and allowed to stand one day, toluol being added to 
prevent fermentation. The extract was then filtered off. Aliquots 
of this solution were used for the determination of soluble solids by 
evaporation to dryness at 65° C., and total acidity by titration, using 
the indicator phenolpthalein. The insoluble residue was collected on 
a tared filter paper and dried at 65° C. 

The total solids varied from 4 to nearly 6 per cent of the fresh 
weight. It is of especial interest that line 78-1-1, a selected line which 
ranked among the best in smoothness of fruit, also had the highest 
total solids. 
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TABLE 8 

CoMPOsmoN or Tomatoes at Davis, California, Nov. 3, 1925 


Pedigree Number 

Per cent of total 
solids 

Per cent of total 
solids soluble in 
water 

78-1-1 

5.920 

71.1 

Santa Clara Canner 

5.043 

64.8 

75-1-1 

5.000 

64.0 

Morse Canner 

4.955 

66.3 

78-1-2 

4.910 

64.6 

55-1-1 

4.784 

62.4 

78-1-3 

4.850 

68.3 

57-10 

4.049 

62.4 





With regard to soluble solids, important differences seem to exist. 
Several of the lines have a higher content of soluble solids than the 
original Santa Clara Canner. It has been shown by Ilosa“ that 
this factor is also much affected by the maturity of the fruit, soluble 
solids increasing during the ripening process. It appears that the 
content of soluble solids may also vary among lines selected within 
one variety, in fruit of the same stage of maturity. 

It has been stated that the fruit of Santa Clara Canner and some 
of the selections have very thick walls and small cells. To determine 
how these characteristics would influence yield of seed, a careful 
extraction of seed was made from fruit of four promising lines. 
Table 9 gives the result of this experiment. 

TABLE 9 

Yteld of Seed in Tomato Variettes and Selected Lines 


Variety 

Weight of fruit 

Weight of seed 

Pounds of seed 
I^er ton of fruit 

75-1-1 

46 lbs. 

24.3 grams 

2.34 

78-1-2 

50 lbs. 

35.3 grams 

3.11 

55-1-1 

90 lbs. 

82.9 grams 

4.07 

57-10 

41 lbs. 

41 . 3 grams 

4.48 

Santa Clara Canner 

15.9 tons 

106 lbs. 

6.63 

Norton 

14. 3 tons 

171 lbs. 

11.96 

Earliana 

4.8 tons 

58 lbs. 

12.08 

Stone 

7. 1 tons 

102 lbs. 

14.34 


It is seen that the yield of seed in the four selected strains is lower 
than in Santa Clara Canner.* 

* We are indebted to Mr. Walter H. Nixon, of the Morse Seed Company, for 
the data on yield of seed in the four commercial varieties. These data were obtained 
from the first and second pickings of fruit at San Carlos, California, in September 
and October, 1925. 
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RESISTANCE TO FLJSARUJM WILT 

In 1923 field trials by Lesley and Shapovalov^ showed that Santa 
Clara Canner is fairly resistant to Fumrium wilt but is j)robably 
not as productive as Norton in severely infested soil. In 1925, in 
collaboration with Mr. Shapovalov, trials were carried out with the 
selected lines in two localities. At La Mesa, California, the field 
used for trial was known to he heavily infested with Fumrittm 
lycopersici. The results are shown in table 10. The variety Stone, 
which was planted as a cheek, was attacked severely and even Norton 
was affected considerably. The 7 selected lines from Santa Clara 
Canner planted in this trial showed wide differences in reaction to 
the disease. Compared with the very resistant Norton, it appears 
that some lines such as 78-1-3 and 78-1-4 are about equally resistant, 
but others such as 23-2-3 and 72-2-1 are more susceptible. 

TABLE 10 


Resit ANCE to Fusarium of Varieties and Helected Line.s at La ^Mesa 
AND at Riverside, California, in 1925 


Pedigree Number 

La Mesa 


Riverside 


Number 
of plants 

Slightly 
affected, 
per cent 

Severely 
affected 
or died 
of wilt, 
per cent 

Number 
of plants 

Apparent- 

ly 

healthy, 
per cent 

Slightly 
affected, 
per cent 

Severely 
affected 
or die<l 
of wilt, 
per cent 

23-2-1 

13 

62 

.38 





23-2-3 

12 

25 

75 





56-1-1 




10 

20 

60 

20 

72-2-1 

13 


100 





78-1-2 

19 

47 

53 





78-1-3 

19 

74 

26 





78-1-4 

14 

64 

36 





80A-3-2 

11 

64 

.36 





Santa Clara 








Canner 




11 

45 

55 


Norton 

26 

69 

31 





Stone 

27 


100 

15 


27 

73 


The other trial was carried out at Riverside in soil which was 
not previously infested but each plant was inoculated at transplanting 
time with a pure culture of Fusarium lycopersici. Unfortunately the 
number of plants which could be recorded was much reduced by an 
epidemic of western yellow blight which affected all the plots. The 
plants which escaped the blight were not so severely affected by 
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the wilt as plants of the same line at La Mesa. As previous trial has 
shown, Santa Clara is much more resistant to Fusarium wilt than 
Stone. In some lines much of the resistance of the parental variety 
has been lost but in other lines, including some of the smoothest in 
fruit shape, resistance is increased. These differences provide further 
evidence of the heterogeneous nature of the parent variety. 


SUMMARY 

A number of lines have been isolated by single plant selection 
from the tomato variety Santa Clara Canner, which differ from the 
parental variety in shape and size of fruit, season of maturity, and 
in other characteristics. The selected lines differ from the parent 
variety in the proportion of fruits showing certain defects of shape 
which are. prevalent in the Santa Clara Canner, notably roughness 
at the stylar and stem ends. In addition to estimation by eye, two 
ratios obtained by measuring individual fruits proved useful in 
measuring smoothness and shape. Several selected lines are smoother 
and less variable in shape than the parental variety. In resistance 
to Piisarium wilt, some of the lines were inferior, others equal and 
a few apparently superior to the parent variety. It must be concluded 
that Santa Clara Canner is a highly heterogenous variety and that 
by single plant selection, a number of very distinct lines have been 
isolated. 

Compared with the parent type, some of the fleeted lines appear 
to be superior as canning tomatoes, in fruit shape and in content 
of total solids while at least equal to it in .size, fewness of seed, interior 
characteristics and resi.stance to Fusarium wilt. 
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A STUDY OF RESISTANCE TO WESTERN YELLOW 
BLIGHT OF TOMATO VARIETIES* 

JAMES W. LESLEYt 


INTRODUCTION 

Western yellow blight is an important disease of tomatoes prevalent 
in certain regions west of the Rocky Mountains. In California the 
loss from this disease is very heavy in certain years; for instance, in 
1925 tomato growers in the interior valleys of central California lost 
from 75 to 95 per cent of their crop from this cause. In this paper, 
for brevity, ‘‘western yellow blight’^ is called “blight.’’ 

The practicability of controlling blight by the use of resistant 
varieties seems worthy of thorough consideration. The object of the 
present work is the discovery of varieties well adapted to the con- 
ditions where blight is severe or the development of such varieties 
by breeding. The present paper reports the reaction of certain 
varieties to blight, the results of three years’ work on selection for 
blight resistance and some results of hybridization. 

It was found that the varieties Dwarf Champion, Dwarf Aristocrat, 
Red Pear, and certain strains selected for blight resistance, are more 
resistant than the standard commercial varieties Stone and Santa 
Clara Canner. In a blight attack of moderate severity the resistant 
varieties and certain selected lines are about 25 per cent less suscep- 
tible than the standard varieties, but in attacks of extreme severity in 
early summer all of these have been nearly 100 per cent blighted. 
The dwarf character is closely associated with resistance to blight; 

* Paper No. 144, University of California, Graduate School of Tropical 
Agriculture and Citrus Experiment Station, Riverside, California. 

t Assistant in genetics. 
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this indicates that blight resistance is in this case conferred by the 
gene responsible for the dwarf character or by a gene or genes 
closely linked with it. 

In the warmer interior sections of California where this work 
was conducted, the plant affected with blight ceases to grow, and 
the midribs of the leaves and leaflets become twisted, sometimes 
through as much as 180°. Owing to a combination of rolling and 
folding of the lamina the under surface of the leaves tends to be 
exposed to view and their texture becomes stiff and leathery. The 
whole plant assumes a pale sulfurous color which may first be seen 



Pig. 1. — Tomato plant of standard habit with typical symptoms of western 

yellow blight. 


in the mesophyll at the base of the young leaves. The veins often 
become purplish but this symptom is especially variable. The affected 
plant ceases to flower, the fruit stops growing but usually becomes 
prematurely colored, and the seeds cease to develop. Examination 
of the root system shows decay, especially of the smaller roots, the 
cortical tissue being shriveled and inclined to slough off. A photo- 
graph of a blighted plant is seen in figure 1. Occasionally such 
plants recover by sending up healthy shoots from the leaf axils. In 
the field the diseased and healthy plants usually appear to be scat- 
tered almost at random and may even grow side by side in the 
same hill. 

The cause of blight is not known and as yet it has not been 
possible to induce the disease artificially. In California, blight usually 
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makes its appearance after the first warm period, but new cases may 
appear in the field at any time during the warmer part of the growing 
season, that is from April to October. Late-planted fields are often 
less affected than early ones. The severity of the disease is subject 
to very wide seasonal variation. Thus at Riverside, California, the 
season of 1923 was one of relatively little blight, while 1924 was 
emphatically a ^‘blight year.’’ The disease is also subject to regional 
variation. For instance, it is much more severe in the southern 
San Joaquin Valley of California than in coastal sections. On 
the basis of a study of the disease in California and of tlie weather 
records in the tomato-growing sections west of the Rocky Mountains, 
Shapovalov^^’ found a close correlation between the amount of 
blight and the rate of evaporation of moisture. Low relative 
humidity, high temperature and considerable wind movement regu- 
larly accompany severe outbreaks of blight. This conclusion is in 
keeping with many of the known facts concerning the remarkable 
seasonal and regional variation in the severity of blight and is a 
substantial contribution to our knowledge of a disease which has 
baffled pathologists for twenty-eight years. 

Shapovalov^ ^ found that shading the plants with muslin was the 
most effective means of control; by this means the amount of blight 
was reduced more than two-thirds. 

Several studies of the reaction of varieties and selected lines to 
blight in the western United States have been reported. In Idaho, 
Henderson^ tested 13 varieties and reported that all of them were 
about equally susceptible. According to Hungerford*, strains selected 
in the eastern states for resistance to Fiisariiim wilt were less resistant 
to blight in Idaho than local varieties, but certain other varieties and 
some selections from John Baer and Earliana showed marked indi- 
cations of resistance. In Oregon, McKay® records that four varieties, 
including Norton, were all susceptible. In the State of Washington 
trials were initiated in 1903 and Humphrey ® reports that certain 
varieties, Livingston’s Dwarf Champion for example, were less sus- 
ceptible to blight than others. Yaw^^ states that Dwarf Champion 
gives some indication of resistance when grown in California. 
Humphrey’s and Hungerford’s data, although not quantitative, 
suggest the feasibility of the control of blight by the use of resistant 
varieties. 
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METHODS 

The present work which was begun in the summer of 1922 was 
conducted in California. It was decided to test first the reaction to 
blight of numerous varieties and the efficacy of selection for blight 
resistance, and subsequently if necessary to employ hybridization 
with a view to increasing resistance. 

In testing resistance a serious difficulty had to be faced at the 
outset, namely, our inability to induce blight artificially and our 
dependence on the irregular and highly variable severity with which 
it appears in different years. This difficulty adds considerably to 
the labor and time involved in working with blight. 

In 1922 variety trials were visited at Zelzahf, Manteca, San Jose 
and .Santa Ana, but so little blight appeared at any of these places 
that no comparisons were possible and it could only be concluded 
that certain of the varieties grown were not entirely immune to blight. 
In other places large commercial plantings of three of the most 
widely grown varieties, namely. Stone, Santa Clara Canner’’*' and 
Earliana were found to be, in many cases, 75 per cent blighted. 

In all the trials conducted by the writer the seeds were sown in 
cold frames and the plants transplanted to the field and grown with 
irrigation at a spacing of about 6 by 6 feet. The vines were not 
pruned and no manure or fertilizer was applied. The amount of 
blight on the plots was usually recorded at intervals of from 3 to 4 
weeks. The unit plot was one row of varying length extending in 
the same direction as the irrigation furrows. Some of the varieties 

t The trial at Zelzah was conducted by the Division of Genetics, at Manteca 
by the Division of Plant Pathology, University of California; at San Jose by 
the California Packing Corporation; at Santa Ana by the Haven Seed Company. 

* This name has been given to tlie variety sometimes known as ‘ ‘ Jap Canner ’ ’ 
by Mr. Frank Dixon with the authority of the Canners League of California, 
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and selected lines were planted in plots replicated 2 to 4 times and 
in tables 2, 3 and 4 the result of each plot is shown separately. The 
proportion blighted was obtained by dividing the number of plants 
blighted by the number of plants which survived transplanting and 
were definitely classified. Stone or Santa Clara Canner was planted 
in the check plots; these varieties are very susceptible to blight and 
to about the same degree. Varieties and selected lines which showed 
more resistance than the check varieties are termed resistant. 

That large differences in the proportion blighted may arise from 
causes which are not genetic was evident from a comparison of repli- 
cate row^s of the same variety. 

Near San Jose, one field of 20 acres of the variety Santa Clara 
Canner was for the greater part about 10 per cent blighted, but 
over an area of 4 to 5 acres as much as 80 per cent was blighted. The 
healthy plants were, as usual, scattered among the blighted ones. 

It was clearly necessary to know something of the distribution of 
blight in fields containing only one variety. 

Blight counts were made in two fields of the variety Stone. The 
variant was the proportion blighted in a single row of a certain fixed 
length, the rows running parallel to the irrigation furrows as in the 
variety trials. The proportion rather than the number blighted was 
taken because a variable number of plants w’ere missing. If the 
proportion blighted per row were subject only to the fluctuations 
of simple or random sampling, tlie distrilmtion would be of the 

binomial type of which the standard deviation is where 

^ 71 

p and q are the proportion blighted and not blighted, respectively, 
and n is the number of plants. 

In the field near Arlington, California, a blight count was taken 
on November 20, 1924, on a block of 40 rows. The mean number of 
plants per row was 46, and the mean proportion blighted was 17 
per cent. The standard deviation of the proportion blighted was 
5.4 per cent; with one exception all of the sample rows came within 
a range of four times the standard deviation and the frequency curve 
w^as unimodal and approximately symmetrical. The standard devia- 
tion of random sampling in a binomial series where n = 46, p = 17 
per cent and q = 8S per cent, is 5.5 per cent, or practically the same 
as that derived from the field data. 

The other field was at Norco, California, and blight counts were 
taken on August 6 and again on September 30, 1925. A mere glance 
at this field showed that the blighted plants were much less evenly 
distributed than in the Arlington field. The area counted contained 



52 


Hilgardia 


[Vol. 2, No. 3 


32 rows; the average number of plants per row was 44 or approxi- 
mately the same as at Arlington. The mean proportion blighted 
was 57 per cent, the attack being much more severe than at Arlington. 
The standard deviation was 10.1 per cent while that of random 
sampling w^as only 7.5 per cent ; the difference is significant being 2.8 
times the standard error of the standard deviation of random 
sampling. Furthermore there was a progressive change in the pro- 
portion blighted from one row to the next. These data indicate that 
the distribution of blight differs in different fields, that the variance 
in some cases may be similar to that of random sampling or in 
other cases may exceed it; also that the proportion blighted may 
change systematically from one row to the next, resulting in an 
unequal distribution over the field. Thus in interpreting observed 
differences in the proportion blighted in emy given trial the ordinary 
test of significance may be inadequate, especially where the number of 
plants is small and the plots are not replicated. 

In the statistical treatment of the data, each variety is compared 
with another variety, usually the check variety, and the probability 
that the difference in the proportion blighted might arise as a 
fluctuation of simple sampling was determined by Pearson ^s 
method, the usefulness of which has I'ecently been emphasized by 
Fisher ^ This was equivalent to the application of this method to 
test the independence of variety and condition with relation to blight. 
Thus the number of blighted and not blighted plants expected in 
each of the two varieties to be compared was first ascertained assum- 
ing independence. Since the difference between the observed and 
the independence value was the same in each there is one degree of 
freedom. The value of P was taken from tables given by Yule^® 
(p. 386) and in Pearson’s Tables^^ (p. 30, Table XV C). The 
value of P then is the probability that a difference in the proportion 
blighted as great or greater than that observed might arise on random 
sampling assuming independence of variety and condition as to 
disease. As a rule, for a single experiment, a value of P exceeding 
.0027 (x^ — 9) was not considered significant, and doubtless this rule 
excludes some significant differences. In tables 2, 4 and 6 the value 
of P attached to a given variety, unless having superscript,* refers to 
a difference in the direction of less susceptibility than the check 
variety. 

In those cases where repeated trials clearly indicated resistance 
an attempt was made to measure its degree by another method, since 
the method tests only the significance of an association and not its 
amount. For this purpose the standard error of the difference com- 
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puted from the binomial formula was compared with the observed 
difference in the proportion blighted. Thus if Uo are the numbers 
of plants in the two varieties compared, po is the proportion blighted 
and Qo the proportion not blighted in the two varieties together, the 
standard error of the proportions in each variety is given by: 

2 Po 2 Po qo 

and that of the difference is 

e?2= po <70 (“ + 

Assuming a normal distribution and that the direction of the differ- 
ence ivas known, the probability of the observed difference arising 
as a fluctuation of simple sampling was taken from Pearson ^s Tables.’^ 

TRIALS WITH VARIETIES AND SELECTED LINES 

Experience in the year 1922 had emphasized the importance of 
choosing for trials localities where blight was as regular and severe 
as possible in its occurrence. With this in view the plots ivere planted 
in 1923 at the Citrus Experiment Station, Riverside, and at Shatter 
near Bakersfield. Tn 1922 a field of the variety Stone near Riverside 
and one near Bakersfield ivere respectively 30 per cent and 75 per 
cent blighted. Reports of previous years also indicated that as a rule 
the losses from blight at the latter place were especially severe. 

Since the object of the trials in 1923 was the detection of resistance 
rather than its measurement a comparatively large number of varieties 
and progenies of single plants were included. Practically the same 
set of varieties and selected lines were set out at Riverside and 
Shatter. Stone was planted as the check variety. 

At Riverside 33 -varieties and 23 progenies of single plants selected 
in 1922 at Bakersfield, Fresno and San Jose were set out and an 
almost perfect stand was obtained. Out of 2475 plants recorded only 
31 or 1.3 per cent blighted, so that this trial gave no comparative data 
and merely served to show that many of the varieties were not 
immune. 

At Shatter the transplanting was done on May 11 and 12 in 
two separate fields (fields A and B in Table 1). Unfortunately many 
plants failed to become established and on June 6 much replanting 
w^as done in both fields. The blight attack was moderately severe but 
varied widely in plantings made in different fields or on different 
dates. The numbers are too small to permit the use of the l^st 
and only permit conclusions of a most tentative kind. 
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Table 1 


Western- Yellow Blight op Tomatoes at Shapter, California, in 1923 

(Whole Season) 



Place 

Date 

of 

trans- 

planting 

Total 
number 
of plants 
recorded 

Total 

number 

blighted 

Per cent 
blighted 

Stone ... 

Shatter Field A 

May 12 

27 

14 

52 

Selection 52 

Shatter Field A . 

May 12 

40 

19 

48 

Selection 68 

Shatter Field A . . . . 

May 12 

18 

10 

56 

Selection 60 . . ... 

Shatter Field A 

May 12 

35 

21 

60 

Selection 66 

Shatter Field A . 

May 12 

29 

15 

52 

Selection 73 

Snafter Field A . 

May 12 

12 

4 

33 

Selection 77 

Shatter Field A . . 

May 12 

21 

14 

67 

Selection 78 . .... 

Shatter Field A . .. . 

May 12 

10 

7 

70 

Selection 81 .. . 

Shatter Field A 

May 12 

26 

18 

69 

Selection 82 . . . 

Shatter Field A . 

May 12 

21 

12 

57 

Stone 

Shatter Field A ... 

June 6 

21 

3 

14 

Dwarf Champion 

Shatter Field A 

June 6 

36 

3 

8 

Globe 

Shatter Field A. 

June 6 

10 

3 

30 

Stone ... 

Shatter Field B 

May 11 

23 

1 

4 

du P. L. M. . 

Shatter Field B 

May 11 

14 

3 

21 

Dwarf Aristocrat . . 

Shatter Field B . 

May 11 

21 

0 

0 

King Humbert 

Shatter Field B 

May 11 

16 

7 

44 

Matchless ... 

Shatter Field B. . 

May 11 

13 

1 

8 

Magnus 

Shatter Field B 

May 11 

10 

3 

30 

Norduke. .. 

Snafter Field B 

May 11 

31 

6 

19 

Perfection . 

Shatter Field B 

May 11 

16 

3 

19 

Red Pear 

Shatter Field B ... 

May 11 

10 

0 

0 

Red Plum 

Shatter Field B . . 

May 11 

26 

3 

12 

Yellow Cherry 

Shatter Field B 

May 11 

10 

1 

10 

Yellow Peach 

Shatter Field B 

May 11 

16 

5 

31 

Yellow Plum 

Shatter Field B 

May 11 

28 

6 

21 

No. 213 (from Mexico) .. 

Shatter Field B 

May 11 

15 

2 

13 

Selection 53 .. 

Shatter Field B 

May 11 

21 

0 

0 

Selection 55 

Shatter Field B. . 

May 11 

10 . 

0 

0 

Selection 75 . . ... 

Shatter Field B . .. 

May 11 

15 

2 

13 

Idaho Selection 3/2-1 

Shatter Field B 

May 11 

17 

3 

18 

Idaho Selection 3/2-2 ... 

Shatter Field B . . . 

May 11 

13 

0 

0 

Stone 

Shatter Field B 

June 6 

66 . 

2 

3 

Burwood .. . 

Shatter Field B 

June 6 

40 

1 

2 

Dwarf Stone . ... 

Shatter Field B ... 

June 6 

46 

3 

7 

Globe 

Shatter Field B 

June 6 

48 

2 

4 

Golden Dwarf Champion . 

Shatter Field B . 

June 6 

33 

2 

6 

Matchless ... 

Shatter Field B 

June 6 

32 

0 

0 

Norduke 

Shatter Field B . 

June 6 

40 

1 

2 

Norton 

Shatter Field B 

June 6 

36 

5 

14 

Morse’s San Jose Canner . . 

Shatter Field B . 

June 6 

39 

7 

18 


In field A none of the selections were outstanding in blight resist- 
ance. Selection 66, the progeny of a healthy plant which had grown 
in the same hill, intertwined with a blighted plant, was as much 
blighted as the check. The smallest proportion blighted was in selec- 
tion 73, from Santa Clara Canner. Further selections were made in 
this strain and seed was saved for the next year’s trial. 

In the second planting in field A Dwarf Champion was somewhat 
less affected than Stone. 
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In field B (Table 1) blight was much less prevalent than in field A, 
only four miles distant, and its distribution over the field was more 
uneven, possibly owing to soil differences resulting from the recent 
grading of the land. While most of the varieties and selected lines 
in the first planting (May 11) were affected by blight, Dwarf Aristo- 
crat, Red Pear and line 53 from Stone and a few others were free 
from it. 

In 1924 duplicate trials were again planted at Riverside and 
Shafter, including the more promising varieties, some progenies of 
single plants in the more promising selected lines of the previous year, 
and a few and Pg hybrid progenies from crosses between standard 
and dwarf varieties. Excellent stands were obtained and in these 
trials over 3000 plants came under observation. Stone and Santa 
Clara Canner were used as check varieties. At Riverside the variety. 
Stone, which in 1923 was only 1.3 per cent blighted during the whole 
season, on July 3, 1924, was 21 per cent blighted. The disease con- 
tinued to increase, on the whole with diminishing rapidity, until the 
middle of October. In the final count Stone was 50 per cent and 
Santa Clara Canner 55 per cent blighted. None of the varieties or 
selected lines were immune but notable differences were seen in the 
proportion blighted in different varieties and selected lines. 

Table 2 shows the results at Riverside when each variety is 
compared with the check variety Stone as to numbers of healthy and 
blighted plants at the close of the first part of the season, up to 
July 3 inclusive, and as to the corresponding numbers for the whole 
season. 

On July 3, in accordance with the indications at Shafter in the 
preceding year Dwarf Champion and Dwarf Aristocrat, the former 
especially, seemed to be resistant. When the figures for all three 
dwarf varieties. Dwarf Champion, Dwarf Aristocrat and Dwarf 
Giant, are compared witli the check variety the resistance of dwarf 
varieties is emphasized. Red Pear, of standard habit, while again 
less affected than the checks, gave only a vague indication of resist- 
ance. Selected line 73-1, also of standard habit and derived from 
Santa Clara Canner, gave an indication of resistance in accordance 
with the record of 1923 (Table i). 

At the end of the season, corresponding with the increase of blight, 
the differences among varieties and strains were greater than on 
July 3. Indications of resistance seen earlier in the season were 
confirmed. Dwarf Champion again showed the most significant differ- 
ence when compared with the check variety, and Dwarf Aristocrat 
continued to give an indication of resistance. Selection 73-1 still 
appeared to be resistant and 73-2 gave some such indication, but it 
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should be noted that the data in both cases are derived from single 
plots. Red Pear now gave more definite evidence of resistance than 
in the first period, whereas a single plot of Yellow Cherry which 
reacted much like Stone in the first period now gave evidence of even 


TABLE 2 

Blioiit at Riverside, California, in 1924 



Whole season 

July 3 

Per row 

Total 

Probability that the 
difference from 
Stone is not sig- 
nificant. 

Total 

Number 

recorded 

Per cent 
blighted 

Number 

recorded 

Number 

blighted 

Per cent 
blighted 

Compared 
with Stone 

Number 

blighted 

Per cent 
blighted 

Compared 
with Stone 







X* 

P 



X* 

P 

Stone ... 

56 

55 











43 

53 











36 

39 

135 

68 

50 



28 

21 



Burwood . .. . 



53 

21 

40 

2 

.16 

8 

15 

1 

.32 

Dwarf Aristocrat ... . 

53 

34 











42 

40 

95 

35 

37 

5 

.02 

10 

11 

5 

.02 

Dwarf Champion 

53 

23 











28 

39 











42 

29 

123 

35 

29 

13 

0003 

10 

8 

8 

.005 

Dwarf Giant . 




18 

6 

33 



1 

6 

2 

.16 

Dwarfs (3 combined) 



236 

76 

32 

13 

.0003 

21 

9 

10 

.002 

Globe ... . 



25 

9 

36 

2 

.16 

2 

8 

3 

.08 

Manx Marvel 

52 

65 

78 





.20 

26 

0 

1.00 


26 

42 


45 

58 

1 

.32* 





Matchless 



47 

27 

58 

0 

1 00 

16 

34 

4 

.04* 

Norton 



53 

28 

53 

0 

1.00 

13 

25 

0 

1.00 

Red Pear . 

29 

24 











45 

38 

74 

24 

33 

7 

.01 

10 

14 

1 

.32 

Santa Clara Canner 

48 

54 











44 

55 

92 

50 

55 

0 

1.00 

25 

27 

2 

.16* 

Yellow Cherry 

.. 


56 

36 

65 

4 

.04* 

10 

18 

0 

1.00 

Selection 52-1 .... 



44 

19 

43 

0 

1.00 

8 

18 

0 

1.00 

Selection 52-2 



47 

22 

47 

0 

1.00 

11 

23 

0 

1.00 

Selection 52-3a . 



49 

25 

51 

0 

1.00 

9 

18 

0 

1.00 

Selection 73-1 . . 



52 

14 

28 

9 

.003 

7 

13 

2 

.16t 

Selection 73-2 



51 

18 

35 

4 

.04 

8 

16 

1 

32 

Selection 267 



36 

13 

36 

2 

.16 

7 

19 

0 

1.00 


t Compared with Santa Clara Canner July 3 P»= .04; whole season, P“ 002. 

* In the direction of greater susceptibility. 


greater susceptibility. Norton, a selection from Stone resistant to 
Fusarium wilt, showed no greater resistance to blight than the parent 
variety. On the whole the data of Table 2 confirm the observations 
of the previous year. They also indicate in most cases a similarity 
. in the reaction of a variety in these two overlapping periods. 
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At Shafter on May 7, 1924, 1200 plants were transplanted and 
of these 92 per cent became established. The incidence of blight was 
remarkable for earliness and severity. As early as June 3, 67 per 
cent of the check variety Stone had blighted. The younger leaves of 
affected plants in some cases showed wilting, presumably due to the 
extraordinarily dry, hot weather associated with this attack. In 
Table 3 the number of plants healthy and blighted on June 3 and 
on July 31 are compared with the corresponding number in the check 
variety Stone. As in previous trials, the data indicate that Dwarf 
Champion and Dwarf Aristocrat are more resistant than Stone. On 
the contrary, except for 73-1, the data for the selected lines conflict 
with the data of Table 2. As at Kiverside, data derived from single 
small plots are of course inconclusive but the high proportion blighted 
in 73-2 in Table 3 indicates that this line is not resistant. If the 
onset of blight had been checked on June 3 (and according to 
Shapovalov,^ ^ such a cheek might be expected as a result of a suitable 
change in the climatic conditions), the difference between varieties 
observed on that date would probably have persisted throughout the 
season. For, as previously noted, the data at Kiverside (Table 2) 
indicate that as a rule a positive correlation may be expected between 
the proportions blighted in the earlier and in the later portions of the 
season. 

On June 30, out of 1107 plants recorded in all, 1091, or 98.6 per 
cent, were blighted and the differences so apparent at the earlier 
date were then negligible. Most of the survivors were dwarfs. A 
month later all but five of the plants were blighted. These survived 
throughout the season but one of them for some reason produced 
little fruit and scarcely any viable seed. It was evident that no 
variety or selection included in this trial could withstand an attack 
of such severity a^ occurred in this test. Dwarf Champion, which 
had shown resistance on June 3 and which has been reported resistant 
by Humphrey in the State of Washington was 99 per cent blighted on 
July 31. 

In 1925 trials were again planted practically in duplicate at 
Riverside and Shafter. Many of the selected lines were derived 
from selections for blight resistance made in 1922, reselected in 1923 
and 1924. Santa Clara Canner was used as a check. Field observa- 
tions had indicated that tliis variety was about as susceptible as Stone 
and the data at Riverside (in Tables 2 and 4) confirmed this. 

The trial at Riverside was planted in the same field as in 1924 
but covered a larger area. Unfortunately, a comparison of replicate 
plots showed that those on the new land taken in developed con- 



58 


HUgardia 


I Vol. 2, No. 3 


siderably more blight than corresponding plots on the old ground, 
although the whole trial was planted on the same day and received 
similar treatment. As a rule the plots were repeated serially in the 
same order: this proved to be by no means an ideal disposition but 
certainly tended to correct the error arising from the marked 

TABLE 3 

Blight at Shapter, California, in 1924 






June 3 




July 31 

Per row 

Total 

Probability that the 
difference from 
Stone is not sig- 
niScant. 

Total 

Number 

recorded 

Per cent 
blighted 

Number 

recorded 

Number 

blighted 

Per cent 
blighted 

Compared 
with Stone 

Number 

blighted 

Per cent 
blighted 







X* 

P 



Stone 

46 

63 









50 

72 









49 

63 









50 

68 

195 

130 

67 



195 

100 

Burwood 



49 

31 

63 

0 

1.00 

49 

100 

Dwarf Aristocrat 

41 

61 









41 

27 

82 

36 

44 

12 

0005 

81 

99 

Dwarf Champion 

43 

51 









49 

33 









46 

41 









47 

36 

185 

74 

40 

26 

4 X 10“7 

183 

99 

Dw’arf G|ant . .. 



15 

6 

40 



15 

100 

Dwarfs (3 combined) , 



282 

116 

41 

29 

'10-7 

279 

99 

Manx Marvel . 



49 

31 

63 

0 

1.00 

49 

100 

Norton . 



49 

30 

61 

0 

1.00 

49 

100 

Red Pear . . 



48 

23 

48 

5 

.02 

48 

100 

Yellow Cherry . 



47 

16 

34 

16 

.00006 

47 

100 

Selection 52-1 ... 



43 

19 

44 

8 

005 

42 

98 

Selection 52-2 . . 



27 

7 

26 

18 

.00002 

27 

100 

Selection 52-3a .. 



48 

18 

37 

13 

003 

48 

100 

Selection 73-1 



44 

14 

32 

20 

8 X 10~« 

44 

100 

Selection 73-2 



40 

26 

65 

0 

1 00 

40 

100 

Selection 267 



45 

17 

38 

14 

.0002 

44 

98 


inequality in the distribution of blight. In Table 4, the upper part 
shows the results at Riverside and Shatter for the whole season of 
1925. 

Previous evidence of resistance in Red Pear is greatly strengthened 
by this trial. Line 310, the progeny of a first-year selection from 
Dwarf Champion, seems resistant, thus tending to confirm previous 
experience with this variety. All the four selected lines (73-1-2, 
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73-1-4, 73-1-5, 73-1-6) derived from 73-1, which gave evidence 
of resistance in both of the 1924 trials, gave evidence of resistance in 
1925 also. Line 52-1-1, which was the progeny of the only standard 
plant in the whole trial which survived and set seed at Shatter in 1924, 
also gave an indication of resistance. Two short rows (only 49 plants) 
of the so-called Red Currant tomato {L. pimpinellifolmm) were 

TABLE 4 

Blight at Riverside, Siiapter and Davis in 1925 



Place and 
period 

Per row 

Total 

Probability that the 
difference from the j 
check variety is not | 
significant. 

Number 

recorded 

Per cent 
blighted 

Number 

recorded 

Number 

blighted 

Per cent 
blighted 

O 

Compared with 
check variety 









X* 

P 

Santa Clara Canner . . 

Riverside, 

46 

35 








whole season . 

39 

36 





1 Santa 





31 

48 





Clara 





22 

50 

138 

56 

41 


1 Canner 



Dwarf Champion, 

M 

50 

22 







Selection 310 


44 

18 









37 

22 

131 

27 

21 


12 

.0005 

Norton 

U 



25 

10 

40 


0 

1 00 

Red Currant (L. pimpi- 


28 

79 




1 



nelli folium) . . 


21 

67 

40 

36 

73 


16 

00006* 

Red Pear 

“ 

50 

12 









43 

14 









37 

24 

130 

21 

16 

“ 

19 

.00001 

Stone . . 




61 

32 

52 


2 

16* 

Selection 52-1-1 


48 

21 









41 

28 

89 

22 

25 

“ 

7 

01 

Selection 73-1-2 


45 

18 









39 

38 









27 

45 

111 

35 

32 

“ 

2 

16 

Selection 73-1-4 

* “ 

44 

23 i 









39 

41 

83 

26 

31 


2 

16 

Selection 73-1-5 


46 

24 








1 

40 

32 

86 

24 

28 

“ 

4 

04 

Selection 73-1-6 . . 


43 

14 









42 

33 

85 

20 

24 

“ 

7 

.01 

Santa Clara Canner . 

Shafter, to June 

72 

97 








22.. 

75 

95 

147 

141 

96 




Dwarf Champion, 


73 

78 







Selection 310 


72 ; 

89 

145 

121 

83 


12 

0005 

Red Pear 




73 

65 

89 


3 

.08. 

Stone 

Davis, 










whole season 



104 

86 

83 




Earliana 

a 



915 

828 

91 

Stone 

6 

.01* 

Globe 

a 



75 

53 

71 

Stone 

14 

0002 


- 






Earliana 

72 

I.«es8 than 


1 










* In the direction of greater Bueceptibility. 
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planted; one of these came from seed kindly sent by Dr. Weberbauer* 
and collected by him in Peru. This small fruited wild tomato seems to 
be more susceptible to blight than the cultivated esculentum variety 
used as a check. 

As a result of three seasons’ trials, the resistance of Dwarf Cham- 
pion, Dwarf Aristocrat, Red Pear and selected lines 73-1-2, 73-1-4, 
73-1-5 and 73-1-6 is considered to be well established. 

Table 4 includes the records of three varieties grown at Davis, 
California, in 1925. t Blight was exceedingly prevalent. Earliana 
showed greater susceptibility than Stone or Globe. The latter appeared 
to be somewhat less susceptible than Stone, but further trial is needed. 

In the Shafter trials of 1925 the transplanting was done on April 
28 and a little replanting on May 4. About two weeks later a series of 
dust storms swept the field. On May 28 there was undoubtedly some 
blight but the little plants were so coated with dust that classification 
was difficult. On June 22 out of 1300 plants transplanted, only 63 
were not blighted. As Table 4 shows, the check variety Santa Clara 
Canner was 96 per cent blighted, and again Dwarf Champion and 
Red Pear gave some indication of resistance. Selection 73-1-2, 
73-1-4, 73-1-5, 73-1-6 and 52-1-1, which were more resistant than 
Stone at Riverside in the same year, showed no appreciable resistance 
under these conditions. On August 8, in the whole planting only 2 
plants remained healthy; both of these were dwarfs. As in the 
previous year no variety was able to survive in the blight epidemic 
at Shafter. Thus under one set of conditions significant differences 
in the reaction of varieties were apparent, but und6r other and more 
severe conditions these differences were obliterated. 

The degree of resistance has been estimated in cases where the 
evidence of resistance was considered to be well established. Table 5 
was prepared from the data at Riverside in 1924 and 1925 using the 
method described above (p. 53). Thus in 1924 Stone was 50 per cent 
and Dwarf Champion 29 per cent blighted. The difference is 21 
per cent and its standard error 6.1 per cent. The odds are 19 : 1 
that the true difference equaled or exceeded 12 per cent, or in other 
words that Dwarf Champion was at least 24 per cent less susceptible 
than Stone. In 1924 selection 73-1 appeared to be 24 per cent less 
susceptible than its parent variety Santa Clara Canner. In 1925 the 

* Dr. Weberbauer writes, ‘ ' Die Pflanze wachst zwischen Lima und Ancon, am 
Meerestrand, auf steinigem und naturlich auch salzigem Boden. Bekanntlich 
giebt.es in diesem Gebiet niemals wirklich Begen nur feine Nebel befeuchten das 
Land wahrend die Monate Juni bis October. ’’ 

f The writer is indebted to Dr. J. T. Rosa, University of California for these 
data. 
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most resistant of the five selections from it, namely 73-1-6, appeared 
to be 15 per cent less susceptible than Santa Clara Canner, indicating a 
loss rather than a gain in resistance by a second year of selection. 
A comparison of the reaction of Red Pear in 1924 and 1925 suggests 
that this variety may be characteristically more variable in its 
behavior than Dwarf Champion. No significant differences were 
found in the reaction of Dwarf Champion and Red Pear or of Dwarf 
Champion and the most resistant selections of 1924 and 1925. It is 

TABLE 5 

Calculated Mean Differences in Suscepitbility to Bught at Riverside 



Year 

Compared with 

Observed difference per cent 
blighted. 

1 

Standard error of observed 
difference, per cent. 

By 19 to 1 odds (one direction) 
mean difference exceeded 
this percent. 

On same basis of odds mean 
difference, stated as per cent 
less susceptible than check, 
exceeded this per cent. 

Dwarf Champion 

1924 

Stone 

21 

6 1 

12 

24 

Dwarf Champion . . 

1925 

Santa Clara Canner .... 

20 

5 6 

11 

27 

Rod Pear 

1924 

Stone 

18 

7 2 

6 

12 

Red Pear 

1925 

Santa Clara Canner ... 

25 

5.6 

16 

39 

Selection 73-1 

1924 

Santa Clara Canner .. 

27 

8 6 

13 

24 

Selection 73-1-6 . . . . 

1925 

Santa Clara Canner 

17 

6 5 

6 

15 


evident that no variety or selection has shown a very high degree of 
resistance to blight. For the present it may be assumed that, in a 
moderate blight epidemic, for every four blighted plants in Stone or 
Santa Clara Canner not more than three would be found blighted 
in the resistant varieties. 


TRIALS WITH PROGENIES OF HYBRIDS 

At the beginning of the present study Dwarf Champion was the 
only variety which had been reported to be resistant. Since this 
is not a desirable commercial variety, because the fruit is rather 
small and too soft for commercial purposes, the study of blight 
resistance in hybrid progenies was clearly desirable. .Accordingly 
Fi and Fj progenies between Dwarf Champion or Dwarf Aristocrat 
and three commercial varieties of standard habit, Norton, Santa Clara 
Canner and Globe, were planted at Riverside and Shafter in 1924 and 
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1925. The progenies were all standard in habit of growth, showing 
the well-known dominance of standard over dwarf. At Riverside 
for the whole season of 1924 the proportion blighted in two such 
families combined was about the same as in the check variety Stone. 

TABLE 6 

Blight in Hybrids Between Standard and Dwarf Varieties 










•S.SI 




•xs 

1 

i 


*2 ^ 
‘^1 

.3 


Year, 


i 


a 

Check 



place and 

Habit 

S. 

A 

a 

variety 

£ ^ 

sOg 


period 




d 



llli 

£ 



1 

a 

S 

Cm 


al 

1 “ 








X* 

p 

C46, C59b. FI. Dwarf 

1924, 


35 

21 

60 

Stone 

1 

.32* 

Aristocrat x Santa Clara 

Riverside, 








Canner, and Dwarf 
Champion x Norton, 
combined. 

whole season 








C46, C59b. FI, Dwarf 

1924, 


62 

39 

63 

Stone 

0 

1.00 

Aristocrat x Santa Clara 

Shafter, to 








Canner, and Dwarf 
Champion x Norton, 
combined. 

June 3 








C42-2b, C46-lb, C49-la. 

1924, 

Standard.... 

44 

16 

36 

Standard 



F2. Norton x Dwarf 

Riverside, 

Dwarf 

24 

2 

8 


5 

.02 

Champion, Dwarf Aris- 
tocr&t X Santa Clara 
Canner, Dwarf Aristo- 
crat X Globe, combined. 

whole season 





• 



C58-1. F2. Dwarf Cham- 

1925, 

Standard . 

79 

32 

40 

Standard... 



pion X Santa Clara 

Riverside, 

Dwarf 

23 

2 

9 


9 

.003 

Canner. 

whole season 








C46-lb. F2. Dwarf Aristo- 

1925, 

Standard... 

37 

11 

30 

Standard... 



crat X Santa Clara Can- 

Riverside 

Dwarf 

11 

1 

9 


2 

.16 

ner. 

whole season 








C95-1. F2. Dwarf Aristo- 

1925, 

Standard.... 

75 

13 

17 

Standard.. 



crat X Red Pear. 

Riverside, 
whole season 

Dwarf. 

27 

0 

0 


4 

.04 

CM-1, C46-lb, C95-1. F2. 

1925, 

Standard ... 

191 

56 

29 

Standard... 



Progenies combined. 

Riverside, 
whole season 

Dwarf 

61 

3 

5 


15 

.0001 

C58-1. F2. Dwarf. Cham- 

1925, 

Standard.... 

150 

149 

99 

Standard.... 


Less than 

pion ‘X Santa Clara 

Shafter, to 

Dwarf. 

62 

44 

71 


39 

10“^ 

Canner. 

June 22 









■n* In the direction of greater susceptibility. 
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The same two families were planted at Shatter in the same year 
and np to June 3 also appeared to be about as susceptible as Stone 
(Table 6, C46, C59b). Apparently the blight resistance of the dwarfs 
is recessive. Three small Pj families were planted at Riverside in 
1924. Together they contained 44 standard and 24 dwarf plants* 
(Table 6). The plants of each population were set out indiscrimi- 
nately so that standard and dwarf plants grew in the same row; 
this probably gives a more accurate comparison with reference to 
blight than if the two types had been planted in separate rows as 
with two different varieties. In their reaction to blight these 
families were not comparable with the check variety Stone, as they 
were planted a month later. Within the Po families the dwarf plants 
were less blighted than those of standard habit and it was decided to 
test this association with larger progenies in the following year. 

At Riverside in 1925 three Po progenies were planted (Table 6). 
The same association between the dwarf character and resistance to 
blight was more or less pronounced in all of these, and in C58~l there 
can be little doubt of its significance. Again, in Fg progenies at 
Shatter in 1925 up to June 22, when blight was very prevalent, a 
similar difference was observed and the association therefore seemed 
to be well established. The indication of resistance shown by all three 
dwarf varieties tested (e.g.. Table 2) is in harmony with this con- 
clusion. The data are not sufficient to test the degree of association. 

The dwarf and standard characters depend on a single pair of 
allelomorphic genes, d and Z> as Price and Drinkard® have shown, 
the dwarf character being a simple recessive to standard. If the 
association observed between the dwarf character and resistance is 
complete and if, as it appeared, resistance vanished together with 
the dwarf character in Pj of dwarf X standard, it seems probable 
the resistance is in. some way bound up with the dwarf character 
and that some quality peculiar to the dwarf plants better enables 
them to resist blight. If so, dwarf ness and resistance have a common 
genetic basis in the dwarf gene d, or else the resistance of dwarfs 
depends on some gene or genes completely linked with the dwarf 
gene. Thus recent work by Lindstrom^ indicates a complete linkage 
between the genes for smooth (i.e., not peach) skin and dwarf. But 
if resistance and dwarf ness depend on distinct genes that are not 
completely linked, then some resistant standard and non-resistant 
dwarf plants should appear in Pj as a result of crossing over, and 
the proportions of blighted plants among the Pj standards and dwarfs 

* The excess of dwarfs over the expected proportion of 25 per cent was due 
to trisomic inheritance in the family C49-la. 
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should differ from those in respective standard and dwarf parental 
races. It is proposed to plant several Fg progenies in the coming 
season. That resistance is not conferred exclusively by the dwarf 
gene is shown by the resistant character of Red Pear and of selections 
of standard habit. This fact appears to support the hypothesis of 
partial linkage. It may be, however, that resistance in these standard 
varieties depends on genes other than those which produce it in the 
dwarfs. If so, it may be possible by hydridization to breed types 
with increased resistance. This is being attempted. 

Jones® has pointed out that incomplete linkage exists between the 
dwarf gene and the gene or genes which cause the constriction of 
fruit as in Red Pear. Further evidence of such linkage was provided 
by an Fj population from Dwarf Aristocrat X Red Pear grown at 
Riverside in 1925 with the following result: 

Standard Dwarf » 

Unconstricted Constricted Unconstricted Constricted 

46 21 27 0 

These data also indicate that the constricted character behaves as 
a simple recessive. If dwarf and resistance to blight are partially 
linked and if resistance in Dwarf Aristocrat and Red Pear is of the 
same nature a similar linkage should exist between resistance to blight 
and constricted fruit. In this Fg family there was not much blight 
and only 7 blighted plants fruited. Of these six were unconstricted 
and one constricted (pear) and the result was inconclusive. 

•Triploid tomato plants have recently been discovered (Lesley®) 
and among the progeny of these, a simple trisomic type has been 
obtained in which the extra chromosome appears to be that associated 
with the d D pair of genes. If the d gene confers resistance, a simple 
trisomic plant of the constitution Ddd, although it is predominantly 
standard in habit, might well be more resistant than a dD diploid, 
and a ddd trisomic plant more resistant than a dd (diploid) dwarf. 
It is possible that the reaction of these types might throw light on the 
genetic basis of blight resistance, especially if a reliable method of 
testing the reaction of single plants could be devised. 

On the whole perhaps the evidence indicates that the resistance 
of Dwarf Champion and Dwarf Aristocrat in some way depends on 
their dwarf character, and therefore that their resistance to blight 
is a recessive character dependent on the dwarf gene. 
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SUMMARY 

The reaction to western yellow blight of tomatoes, shown by 
various varieties and progenies of single plants selected for resistance 
and also by some hybrid populations has been tested in two different 
localities during three seasons. The incidence of the disease varied 
widely according to the season and place of trial. The standard 
deviation of the proportion blighted per row varies in different fields 
and may considerably exceed the standard deviation of random 
sampling. This emphasized the desirability of a suitable arrangement 
of replicate rows containing an adequate number of plants and of a 
uniform field. Against an attack of moderate severity in which about 
half of the plants of the check varieties Stone and Santa Clara Canner 
blighted in the whole season. Dwarf Champion, Red Pear and Dwarf 
Aristocrat showed a fair degree of resistance; they were probably 
at least 25 per cent less sasceptible than the checks. They also showed 
resistance to a more severe attack if the first part of the blight period 
only was taken into account. The Globe variety appears somewhat 
resistant, while Norton is about as susceptible to blight as Stone. The 
currant tomato, L. pimpineUifolium, seemed to be somewhat more 
susceptible to blight than Santa Clara Canner. None of the varieties 
had sufScient resistance to survive an attack of extreme severity in 
the early part of the sea.son. Three years’ selection for blight resist- 
ance in the commercial variety Santa Clara Canner resulted in strains 
with resistance about equal to that of the dwarfs and Red Pear. 

The resistant character of the dwarfs behaves as a recessive and 
appears to depend on the gene for dwarf or possibly on a gene or 
genes more or less closely linked with it. The reaction of Red Pear 
and the standard selection showed that resistance may be obtained 
without the gene for dwarf. If resistance is genetically of more than 
one kind, it may be possible by crossing to breed a variety with 
increased resistance to blight. 
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THE ABSORPTION OF IONS BY CITRUS AND 
WALNUT SEEDLINGS^ 

A. E. C. HAASf AND H. S. REEDt 


I. INTRODUCTION 

This paper is a discussion of experiments on the exchange of ions 
between solutions and citrus and walnut seedlings, and is intended to 
extend our knowledge of certain problems in nutrition. The highly 
important role of the ions entering the cells of a plant has long been 
recognized, but the dynamics of the process are far from being 
understood. 

Previous papers from this laboratory have been concerned chiefly 
with the study of the effects of salts on the growth and composition 
of the plant ; this paper will deal with the ionic exchange as affected 
by growing plants. Our work has dealt chiefly with citrus and walnut 
seedlings which we have found to be very favorable for experimen- 
tation. 


II. TECHNIC OF HANDLING THE CULTURES 
A. Citrus Seedling Cultures 

The seedlings were germinated in moist sphagnum moss and 
allowed to grow until the roots were 5 to 10 cm. long. Before placing 
the seedlings in the cultures the testa was taken from the cotyledons ; 
the roots were dipped momentarily in distilled water and inserted 
into holes in tin lids placed on beakers containing the culture solution 

* Paper No. 148, University of California, Graduate School of Tropical Agricul- 
ture and Citrus Experiment Station, Bivei^side, California, 
t Assistant Plant Physiologist in Experiment Station, 
t Professor of Plant Physiology and Plant Physiologist in Experiment Station. 
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(fig. 1). Since three seedlings were inserted in each perforation they 
were firmly held without the use of cotton, which tends to promote 
the growth of injurious fungi. The cultures were grown in a glass- 
house and the portion of the roof directly over the cultures was pro- 
tected by suitable paper to prevent contamination of the cultures by 
falling substances, especially calcium compounds. The volume of 
the culture solutions was kept approximately constant by frequent 
additions of distilled water. Two liters of solution were always pre- 
pared, one liter being used in the beakers and the remainder saved 
for analysis. 



Fig. 1. One of the water cultures used for the study of absorption by citrus 
seedlings, with the perforated tin lid used shown at the left. The capacity of 
the beaker is one liter. 


B. Walnut Seedling Cultures 

Unbleached walnuts {Juglans regia) were placed in moist silica 
sand and kept in the glasshouse until the root just emerged from the 
shell (usually about four weeks), and then placed in moist sphagnum 
moss. When the tap root was 5 cm. or more in length, the seedlings 
were removed from the moss, the entire seedling (epicotyl not emerged 
as yet) was dipped momentarily in distilled water, and the excess 
water was blotted off by inverting the seedling and placing the 
shell against several sheets of filter paper. The roots are very sensitive 
to lack of moisture and if they become too dry the region just back 
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of the tip develops a light straw color, which disappears if the drying 
is not too prolonged. The seedlings grew well for several weeks in 
cultures of the type here described (fig. 2). Distilled water was 
added frequently to maintain the volume of the solution. In some 
cases it will be noted that the solutions were renewed, in others they 
were not changed. 



Fig. 2. A group of twelve walnut seedlings which had grown in a beaker 
like that shown in figure 1. Although the plants had been lifted from the 
solution, their matted roots held the form of the beaker in which they had grown. 


III. EXPERIMENTAL DATA AND DISCUSSION 
A. The Absorption of Ions by Citrus Seedlings 

1. The absorption of potassium ions. 

Five cultures of rough-lemon seedlings were grown in solutions 
which contained 7.7 milliequivalents K for 65 days and two cultures 
of grapefruit seedlings for 32 days (table 1), The cultures which 
contained ENO^ and E2SO4 made the best growth, and those with 
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KHaP04 were better than those with KCl. In the solution low in K, 
the plants made nearly as good growth as in the KCl set. 

In two sets of cultures Cl or SO4 was added only as KCl or 
K2SO4; thus the milliequivalents of K and anion are directly com- 
parable since the anion was not furnished by any other salt. 

TABLE 1 

Absorption op Ions by Citrus Sredlinos prom Nutrient Solutions Containing 
Equivalent Amounts op Potassium 


Salt added to 
nutrient 


Total milliequivalents of ions present 

Initial 

pH 



Mg 

Na 

K 

Cl 

SO 4 



A. Rough-lemon seedlings grown 65 days. 

KCl 

5.5 

4.7 

8.323 

4.786 

1.337 

7.613 

8.483 

5.244 

7.734 

3.369 

K*S04 

5 5 

5.2 

8.114 

4.754 

1.215 

7.726 

mtm 

13.243 

7.499 


KNOi 

5.2 

5.7 



1.484 

7.828 


5.312 

14 659 


KH 1 PO 4 

4 6 

5.2 



1 163 

7.688 


6 895 

7.714 

9.896 

None 

5.0 

4.8 

8.214 

4 967 

1.302 

HI 

0.567 

5.319 

7.707 

2.977 



B. 





KCl 

7.0 

4.8 

7.934 

4.934 

1 866 

7.770 

8.139 


7.253 

1.435 

KtS04 

7.0 

4.8 

8 263 

4.721 

1.662 

7.816 

4.740 

7.885 

6.973 

1.542 


Reaction 

Milliequivalents of ions absorbed 

Salt added to 











nutrient 

















K 


im 

NOj 

PO 4 


A. Rough-lemon seedlings grown 65 days. 


KCl 

5.5 


3.094 

1.453 

-.417 

5.233 

1 777. 

2.101 

4 779 

1.542 

KtS04 

5.5 


3.763 

1.092 


6.623 


3.415 

7.148 

2.090 

KNOa 

5.2 


3.074 

1.059 


4.347 


1.469 

6.846 

1 487 

KH*P04 

4.6 


3.114 

0.649 

-.561 

4.887 

-.164 

1.373 


lost 

None 

5.0 

4.8 

5.439 

2 709 

0.373 

-0.046 

-.322 

1.808 

6.438 

2.142 


B. Grapefruit seedlings grown 32 days. 


KCl 

7.0 

4.8 

2.475 

1.026 

0.035 

3.049 

1.458 

1.454 

2.404 

0.288 

K*S04 

7.0 

4.8 

2.176 

0.630 

-.243 

2.962 

0.302 

1.019 

1.544 

0.551 


Table 1 shows that the reaction of the solutions was altered by the 
growth of the seedlings, but the shift was not always in the direction 
of neutrality. There was an increase in the acidity of the solutions 
which received KCl or K2SO4 and in that which received no K salt, 
while- those which received KNOg or KH2PO4 became less acid. 

Table 1 also shows the absorption of various ions, as determined 
by analyses at the end of the culture period. The amount of K 
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absorbed by the rough-lemon seedlings varied considerably but the 
quantities were not strictly correlated with the growth of the seed- 
lings. A small amount of K was excreted by the roots where K was 
at a minimum. The amounts of Na absorbed were variable and there 
was no increased absorption of that ion where K was lacking. The 
plants absorbed more Ca and Mg when K ions were absent, but the 
total milliequivalents of kations absorbed was not greater than in the 
other solutions. The high rate of absorption of K by young seedlings 
is also shown in table 3. Unless a large amount of Ca was present, 
the seedling absorbed more K than Ca. These results are in agree- 
ment with those obtained by the ash analyses of orange trees grown 
in sand cultures (tables 12, 13, and 14). There was an increased 
absorption of the anion of the K salt where the larger amounts were 
present, although the plants in the K 2 SO 4 set absorbed slightly more 
NO 3 than those in the KNO 3 set. These data as well as those of 
table 3, show that the citrus seedlings absorbed SO 4 and PO 4 ions in 
larger amounts than Cl ions, even when the initial concentration of 
the latter was considerably higher than that of either of the former. 
In every case except the KNO 3 series, the K absorbed exceeded that 
of the anion of the K salt. Where much K was supplied the absorption 
of Mg was greatest when KCl was added. 

2. The absorption of calcium ions. 

Several of our published papers have shown the importance of 
calcium and the large amounts found in citrus plants. We have made 
further studies on the absorption of ions from calcium solutions by 
seedlings of four species of citrus with reference to the reacting 
values of the ions absorbed. Table 2 shows that the solution became 
more acid as growth proceeded and that the plants absorbed more of 
the kations than of the anions that were furnished by the added 
calcium salt. The. results agree with those of the preceding section 
in showing the greater absorption of the kation. These data show 
more or less significant differences in the amount of ions absorbed in 
different experiments. Cultures conducted during the months of 
March and April have usually produced the best plants and have 
shown the highest absorption of ions. 

The addition of increasing amounts of Ca ions was refiected to a 
slight extent in the increased absorption, but the increases were by 
no means proportional to the amounts added. The data show that 
during certain periods the absorption of NO 3 by C. limonia was 
diminished by the addition of Cl ions. The original concentration 
of NOg in the four cultures was equivalent yet its absorption was 
lowered where CaCU was added. 
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TABLE 2 

Ths Absorption or Oaloiuk Ions by Oitbus Skedunos 


Seedlinfs used 

Durap 

tion 

of 

experi- 

ment 

Reaction of 
culture 
solution 

Caldum 

furnished 

(miUi- 

equiv- 

alents) 

Milliequivalents of ions 
absorbed 

Initial 

Final 

Ca 

Cl 

SO 4 

NOf 


Days 

pH 

pH 






Pondrus trifoliata Raf 

23 

■il 

4.4 

7.535 

1.587 

1.300 



Pondrua trifoliata Raf 

23 


5.2 

14.980 


2.304 



Pondrus trifoliata Raf.~ 

23 

■n 

<5.0 

22.360 

Bil 

2.622 



Citrus limonia Osbeok^ 

65 

6.0 

4.0 

7.7^9 

4.845 



3.864 

Citrus limonia Osbeok. 

48 

m 

■SI 

7.685 

5.374 



■173 

Otrus limonia Osbeok — 

48 

■11 

■n 

15.369 

6.013 

1.523 


3.434 

Citrus limonia Osbeok 

39 

5.2 

4.0 

7.884 

3.518 



2.959 

Citrus limonia Osbeok — 

39 

5.4 

■SI 

15.429 

3.533 

0.818 


2.038 

C. maxima (Burm.) Merrill 

36 

5.0 


7.794 

2.745 



mlmm 

C. aurantium linn 

42 

5.2 

■n 

9.062 

4.661 




C. aurantium Linn 

46 

6.0 

3.8 

26.766 

10.080 


8.776 

■M 

C. aurantium linn 

46 

la 

m 

7.884 

4.491 



HQ 


3. The absorption of chlorin ions. 

A series of experiments with rough-lemon seedlings was made to 
study the absorption of Cl from nutrient solutions to which different 
chlorids were added (table 3). Since these were added to nutrient 

TABLE 3 

Absorption or Chlorids by Hough-Lemon Seedlings 


Chlorid 
added to 
nutrient 
solution 

Dura- 

tion 

of 

experi- 

ment 

Reaction 
of culture 
solution 

Milliequivalents of ions furnished 


Final 

Ca 

Mg 




SO 4 

NO« 

PO 4 


Days 

pH 

pH 









None.... 

65 

■SI 

5.6 

7.964 

3.177 

0.326 

4.483 

0.443 

5.133 


3.525 

KCL... 

68 


4.8 

8.004 

5.074 

0.234 

12.380 

8.483 

5.406 

10.761 

t.sss 

NaOL. 


ill 

5.3 

8.184 

5.148 

6.662 

5.445 

8.282 

5.206 

10.980 

3.553 

CaCh. 

u 

isl 

4.6 

15.709 

5.115 

0.512 

4.644 

8.443 


10.900 

3.709 

MgCl* 

■1 

m 

m 

8.383 

12.077 

0.456 

4.700 

8.564 

5.418 

10.760 

3.501 



Reaction 









Chlorid 

Dura- 

of culture 



Milliequivalents of ions absorbed 



adcMto 

tion 

solution 









nutrient 

of 











solution 

experi- 












ment 

Initial 

Final 

Ca 

Mg 

Na 

K 

Cl 

SO 4 

NOi 

PO« 


Days 

pH 

pH 









None 

65 


5.6 

3.393 

0.058 

-.338 


-.367 

1.855 


2.301 

KO 

68 

5.3 

4.8 

1.956 

0.739 

-.386 

4.733 

0.804 

1.639 

4.801 

1.307 

Naa.. 

68 

5.3 

5.8 

2.335 

1.305 

0.868 

3.154 

0.606 

1.217 

5.319 

1.807 

CaCli 

68 

5.4 

4.6 

4.770 

1.059 

-.156 

4.001 

1.091 

2.163 

0.693 

1.775 

McCla — 

68 

»■? 

4.7 

2.136 

0.993 

-.226 

2.496 

0.567 

1.206 

8.718 

1.096 
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solutions there was always a supply of the kation from other salts, 
except in the case where NaCl was the chlorid added. The amounts 
of Cl added were very nearly the same in the different cultures but 
after 68 da 3 rs the analysis showed the greatest amount of Cl had been 
absorbed from the cultures which contained CaClj. This may be due 
to the fact that these plants made the best growth and hence were able 
to absorb more Cl without actually increasing its concentration in the 
tissues. The ratio of Ca to Cl in the solution at the outset was about 
2 : 1 , but the ratio of the milliequivalents absorbed was nearly 5 : 1 . 

Although the initial supplies of SO 4 and NOg were approximately 
the same in all cultures, the amounts absorbed were greatest in the 
solution to which CaClj was added. This may be due to the favorable 
ratio between Ca and K in that solution. The absorption of PO 4 ions 
was greatest where chlorids were at a minimum. 

The change in the reaction of the solutions showed the effect of 
differential absorption of anions and kations. In three cases the 
acidity developed was close to the limit of tolerance for citrus roots. 

4. The absorption of sodium and chlorin ions. 

With a greater concentration of NaCl than in the preceding experi- 
ment the results obtained with Poncirus trifoliata seedlings were 
somewhat different. The absorption of Na ions and that of Cl ions 
was practically equal (table 4) and the reaction of the solution 
changed from pH 4.8 to 5.8. 


TABLE 4 

Thb Absorption or Na and Cl by 192 Poncirus trifoliata Seedlinos Grown foe 
27 Days in a Liter or Nutrient Solution Plus Approximately 
1000 p.p.M. NaCl 


• 

Initial concentration 
(milliequivalents) 

Ions absorbed 
(milliequivalents) 

pH 

Na 

16.544 

17.410 


4.8 

6.8 

CL 

TniHtt.1 

Final 

■IH 



1 



The relation of NaCl to the composition of young orange trees 
grown in sand cultures has been rather extensively discussed in 
previous papers. The leaves and shoots of such trees usually con- 
tained much more Cl than Na, especially if harmful amounts were 
employed, but in the trunks and roots Na was more abundant than Cl. 











TABLE 5 

Beaction Changes and Ion Absorption Incident to the Growth w Citrus Seedlings in Culture Solutions 
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Determined by titration with methyl orange. 
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5 . The relation between ion exchange and reaction change of culture 
solutions, . 

In table 5 we have included a few of the representative results of 
numerous experiments made on the changes which take place in 
culture solutions as a result of the growth of citrus seedlings. The 
concentration of the solutions was not excessive and the growth period 
was long enough for measurable absorption to take place. The cortical 
tissues of the root of walnut seedlings tend to slough away in time, 
while with young citrus seedlings this does not take place. Conse- 
quently with citrus seedlings grown for short periods there is very 
little opportunity for acids to arise from the decay of organic matter. 
The low concentrations employed permit of fair analytical accuracy. 

The table shows in milliequivalents the initial concentration of the 
solution and the amount of absorption. In the first five cultures the 
sum of the anions originally present exceeded the sum of the kations 
originally present and the solutions were acid. The last two solutions 
were apparently neutral to phenol red although the ionic balance 
would indicate slight alkalinity. In the second and third cultures the 
final pH showed a decrease in acidity as a result of the growth of the 
plants. In both these cases the total milliequivalents of anions 
absorbed was greater than that of the kations absorbed and conse- 
quently more kations than anions remained in the solution, which 
caused greater alkalinity or decreased acidity. In each of the other 
cultures the final pll of the solutions showed an increase in acidity. 
In these cultures the totals show^ that a greater amount of kations was 
absorbed than of anions, leaving as a result more anions than kations 
in the solution, with a consequent increase in the acidity. The 
prevailing conception regarding pII changes in culture solutions is 
that acid solutions [ (Nll4)2S04 excepted] tend to change in the direc- 
tion of neutrality or less acidity and that alkaline solutions tend to 
change in the direction of neutrality or greater acidity. Our results 
agree with those of Iloagland” in showing that, where no organic 
secretions enter in as factors, that the changes in reaction of culture 
solutions may be attributed directly to differential absorption of ions 
together with negative absorption (excretion) of certain ions. 

Table 5 also shows that in the third and seventh cultures there was 
a negative absorption of Na ions even though in the third consider- 
able Na was present in the solution. In the fourth culture the absorp- 
tion of Na w^as approximately the same as that of Cl, and in the fifth 
culture that of Na approximately the same as that of SO4 where the 
initial concentrations were approximately similar. In the second and 
third cultures, the absorption of Na was considerably less than that 
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of Cl or SO4 combined; but when KCl or K2SO4 were used (sixth 
and seventh cultures) the E absorbed alj^ays exceeded the anion 
supplied with it, and this factor alone contributed much to the 
increased acidity of the solution. 

The remarkable changes in reaction produced even by young seed- 
lings are shown by an additional experiment with Florida Sour orange 
seedlings in which the pH changed from 6.8 to 4.0 in 12 days. A 
parallel set of cultures, in which the initial pH of 6.8 was changed 
to 5.5 by the addition of citric or tartaric acids, also brought the 
reaction to pH 4.0 in 12 days. As time went on the roots became 



Kg. 3 . The changes in reaction of culture solutions incident to the growth 

of citrus seedlings in them. Sour orange; — 0 — 0 — 0 — Chinese lemon. 

Oblique lines represent changes brought about by the plants; vertical lines repre- 
sent changes brought about by renewal of the solutions. 

gelatinous but no growth of molds appeared. The results given in 
tables 4 and 5 show several cases in which the pH changes occurred 
in the opposite direction. 

The changes in the reaction of culture solutions are shown by a 
series of graphs in figure 3. In one case the initial pH of the culture 
solution containing Sour orange seedlings was 6.8 and in the other 6.0. 
In both cases the subsequent changes were in the direction of greater 
acidity, although the solutions were renewed at frequent intervals. 
The desired initial reactions of the culture solutions were obtained by 
taking suitable proportions of KHJPO. and K^HPO*. 

It appeared that the rate of change of the pH was greatest in the 
initial stages of growth. The slope of the graphs showing the early 
chaiages is greater than that of those showing later stages. A nimitiii. 
effect has been observed in the case of walnut seedlings, especially so 
long as the cotyledons remained attached. The changes in reaction 
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of Chinese-lemon cultures started at pH 6.0 agreed with those of the 
Sour orange cultures. Although the culture started at pH 4.8 
dropped to 4.0 in the early stage of growth, the subsequent changes 
in reaction were toward higher pH values. 

Since the change of reaction of a nutrient solution depends upon 
the exchange of kations and anions, it seems impossible to make pre- 
dictions of the direction in which the reaction will change, unless we 
know something about the absorption process during that period. In 
other words, we must recognize a state of equilibrium between the 
plant, the solution, and the gases of solution and atmosphere. 

6 . The dbsorptian of CO^ by seedlings. 

Breazeale* has suggested that when nitrate is present as the anion 
in a single-salt solution, the plant may take up more NO 3 than of the 
kation, and that from the bicarbonate formed in the solution, the plant 
absorbs its supply of what becomes carbonate when the plant is ashed. 

We have grown citrus seedlings in solutions of calcium nitrate and 
found that both the ash of the tops and that of the roots gave a strong 
effervescence with acid. Low heat was always used in ashing and 
the plants were not allowed to catch fire. The ash of tops of rough- 
lemon seedlings taken from CaCls cultures as well as the ash of roots 
of grapefruit seedlings taken from CaSO* cultures in which the 
solutions had become either slightly acid or strongly so showed 
effervescence with acid. Analyses were made of control rough-lemon 
seedlings which had been grown in moss and whose outer seed coats 
had been removed prior to being ashed. The ash of these seedlings 
showed faint, if any, effervescence with acid. We have found that 
the ash of wheat seed gave no effervescence with acid. When wheat 
seed was treated with NaCl or NaNOg in dilute solutions, then dried 
and ashed, effervescence occurred with acid when ignition tempera- 
tures were high. When wheat was treated with dilute calcium nitrate 
solution, dried and ashed at various temperatures, effervescence always 
occurred with HCL It appears therefore that the gentle ignition of 
any organic calcium compound will yield a carbonate. Hence the 
presence of CO 3 in plant ash is regulated largely by the relation 
between the absorption of kations and anions and volatility upon 
ignition. 

7. The behavior of citrus seedlings in sodium carbonate solutions. 

Breazeale^ maintains that the toxicity of soil solutions containing 

small amounts of sodium carbonate is due largely to the action of the 
sodium carbonate upon the soluble organic matter. He found that 
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neither 400 p.p.m NagCOa nor a water extract of peat is toxic to 
citrus seedlings when taken singly but, when the two are mixed, the 
resulting solution is highly toxic. 

In order to ascertain whether NagCOg up to 400 p.p.m. is stimu- 
lating, or at least non-toxic to citrus seedlings, we have grown grape- 
fruit seedlings in cultures of carbon-treated distilled water contain- 
ing 50, 100, 200, and 400 p.p.m. respectively of Na 2 C 03 . The lowest 
concentration was between pH 8.5 and 10.0 while the others all had 
pH values above pH 10. After 2 to 3 days, the 400 p.p.m. culture 
was alkaline to phenolphthalein while those with lower strengths were 
not. The culture solutions were not renewed. Nine days later most 
of the seedlings had gelatinous roots. 

The experiment was repeated, using Chinese-lemon seedlings and 
concentrations of NaoCOg equal to 50, 150, and 400 p.p.m. In 6 days 
most of the roots had become gelatinous. In none of the cultures was 
there any evidence of elongation of the roots, and the high initial pH 
and the complete absence of Ca brought about gelatinization of the 
roots. The results indicate that the toxicity reported by Breazeale^ 
may have been due to calcium starvation as well as to OH ions. 

Soil containing black alkali, and soil which had been leached with 
NaCl until it was considered practically free from replaceable Ca, 
were leached with distilled water and the dark-colored leachate was 
collected. The solutions gave an alkaline reaction to phenolphthalein. 
They were then dialyzed against tap water until relatively free from 
Cl. The dialyzates were not alkaline to phenolphthalein. The dialyzed 
water-leachate of tlie soil containing normal carbonates contained 
1826 p.p.m. total solids, with an ash content of 1132 p.p.m. The 
dialyzed water-leachate of the NaCl treated soil contained 2096 p.p.m. 
total solids and 1147 p.p.m. ash content. When citrus and walnut 
seedlings were placed in these dialyzed leachates, they grew very well, 
during the several weeks they were under observaton. 

8. The absorption by young orange trees, 

a. Water cultures. These experiments are largely of an explora- 
tory nature, considerable difficulty having been experienced in the 
determination of suitable cultural methods. Sometimes trees taken 
from the field could be started in solution cultures but great difficulty 
was experienced in removing adhering soil. When all of the lateral 
roots were removed but not the tops, a fairly clean main root could be 
secured, but after several days the leaves wilted and the trees usually 
died. Where the leaves were removed, the buds frequently started 
but remained at a standstill for long periods. 
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Budded Valencia orange trees secured from the nursery were 
placed in sand cultures after all branches, leaves, and rootlets had 
been removed. The top consisted of a piece of trunk about two feet 
in length and the root consisted of an undivided tap root about one 
foot in length. The root was scrubbed thoroughly with a brush to 

remove adhering soil. When such 
trees were placed directly into cul- 
ture solutions a scum or film usually 
formed on the surface of the solu- 
tions. If the tree first regenerated 
some of its roots in sand cultures, 
such films seldom formed. After 
growing in sand kept moist with 
Iloagland^s nutrient solution (from 
April until August 18), the trees 
were removed, the rootlets were freed 
from the sand and many of the root- 
lets were pruned away. The trees 
were then placed in 5-gallon wide- 
mouthed bottles containing a meas- 
ured amount of nutrient solution, 
the partial composition of which is 
given in table 6a. Trees 1, 2, and 3 
were placed in a complete nutrient 
solution which contained 318 p.p.m. 
Ca as calcium nitrate and 105 p.p.m. 
PO 4 derived from* KH 2 PO 4 and 
K 2 IIPO 4 . Trees 4 and 5 received the 
same solution plus 297 m.e. Cl as 
NaCl. The culture bottles were kept 
in a box covered with boards and 
paper so as to exclude light, paper 
collars being placed about the trunks 
where they projected through the 
box cover. Distilled water contain- 
ing iron was added from time to 
time but no additional nutrient was 
added from August 18, 1924, to September 28, 1925. 



Fig. 4. Cultures used for the study 
of absorption by young orange trees 
after one years’ growth made in 
bottles with a capacity of 20 liters. 


The method of conducting the cultures and the type of the result- 
ing growth are shown in figure 4. The trees produced about three 
cycles of growth on each of the larger shoots and the leaves were dark 
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green even though the cultures were grown in the glas^ouse. There 
was some indication of mottle-leaf on the tree in culture 4 which 
received NaCl. The temperature of the glasshouse was continually 
maintained above 70° to 75° F and during certain periods of the year 
it was considerably higher. Some of the roots in the cultures receiving 
sodium salts died, and absorption by such root systems doubtless may 
be abnormal. The removal of PO 4 from the solution was due in a 
large measure to precipitation occasioned by the repeated additions 
of iron tartrate. The large volumes of water transpired by the trees 
are indicated in table 6a. The NOg absorption and the amount of 
transpiration furnish indication of the growth made by the various 
tree cultures. The absorption of NO 3 exceeded that of any other ion 
determined. Ca absorption, in some of the cultures that grew well 
(such as 2 and 3) was extremely large. It will be noted, however, 
that in proportion to the amount furnished, the absorption of K 
ranks close to that of Ca. The absorption of Mg was not very high, 
and the absorption of Cl and SO 4 ions was very low in comparison 
with that of the NOj ion. That larger amounts of anion than of 
kation were absorbed is indicated by the increased pH. 

b. Sand cultures. Four sets of Florida Sour-orange seedlings were 
grown in sand cultures (10 plants to a 10 -gallon crock) for about 
two years, by which time the plants had become approximately four 
feet high. The cultures received Hoagland ’s nutrient solution during 
the early period of development. The sand was then leached with 
distilled water until practically free from dissolved salts, and each 
culture was given four liters of complete nutrient solution, the com- 
position of which is given in table 6b. After several weeks the cultures 
were again thoroughly leached and the per cent of the original ions 
absorbed was determined (see table 6b). 

The nitrate absorption was greatest, practically all of the NO, 
being removed. The absorption of K and that of Ca were practically 
the same, while that of Mg was considerably less than either. The 
SO 4 absorption was less than that of PO 4 and NO*. 

9. The relation of the H-ion to the growth of citrus seedlings. 

Previous experiments* on the absorption and growth of rough- 
lemon seedlings in solutions maintained at pH 6 , 7, 8 , and 9 showed 
optima at pH 8 and 9. We have made additional experiments with 
citrus seedlings and present herewith the results at pH 4, 5, 6 , 7, 8 , 
and 9. 
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TABLE 6b 

Absorption by Two-year-old Seedlings op Florida Sour-orange in 
Sand Cultures 



Absorption by two-year-old seedlings of Florida 
sour-orange in sand cultures 

Milliequivalents 

furnished 

Milliequivalents 

absorbed 

Per cent 
absorbed 


62.076 

53.274 

86 

Mg 

20.083 

16.268 

54 

K 

56.003 

47.201 

84 

NO*. 

71.000 

70.678 

08 

SO4 

43 014 

26.252 

61 

PO4 

29.009 

20.300 

70 


Before suitable measurements of the effects of the Il-ion concen- 
tration upon absorption by citrus seedlings can be adequately studied, 
we should first know the effects of II -ion concentration upon growth. 
The method of studying the effects upon growth has been usually that 
of starting with a certain nutrient solution and then regulating the 
pH of the culture solutions by the addition of suitable quantities of 
acid or alkali (usually 11^,804 and NaOIl). 

The present experiments make it evident that the initial pH of the 
nutrient solution adopted for such studies and the nature of the acid 
or base used in regulating the pH have considerable influence on the 
growth obtained at a given pH. 

Grapefruit seedlings were grown in white-enamel pails containing 
9 liters of Hoagland ^s solution of pH 5. One of the culture solutions 
was brought to pH 4 by the addition of HCl and the other solutions 
to pH 6, 7, 8, and 9 by the addition of NaOH. The pH of the 
solutions was readjusted two or three times daily and as frequently as 
changes in the pH of the solutions warranted. The solutions were 
renewed at intervals of from one to two weeks. Figure 5 shows the 
growth of plants from the different cultures after 43 days. The 
growth of the roots was least at pH 5.0. At pH 9 some of the leaves 
showed burning and some root tips were brown. 

When St. Michael orange seedlings were grown in a similar 
manner for 56 days in Hoagland ’s solution whose reaction was 
brought to pH 4 by adding HCl and to 6, 7, 8, and 9 by adding NaOH, 
we found the poorest root growth again at pH 5 and the best growth 
at pH 7 with a definite decline at pll 9. In another experiment 
KH2PO4 was added to Hoagland ^s solution so as to give an initial 
reaction of pH 7. The pH was then adjusted by the addition of HCl 
and NaOH. Figure 6 shows the growth made in these solutions during 
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a i>eriod of 45 days. The culture of pH 4 was no better than that at 
pH 5. The marked changes between the results at pH 6 and 7 and 
between those at pH 7 and 8 are evident. 

Grapefruit seedlings were grown for 47 days in Hoagland’s solu- 
tion (reaction pH 5) and in Hoagland’s solution regulated to pH 4 
with Ca(H 2 P 04 ), and to pH 6, 7, 8, and 9 with Ca(OH)j. The 
poorest growth was made at pH 5, with greater growth at pH 4 and 
a marked increase at pH 6. If we use the solution which had an 
initial pH of 7, and change its reaction to pH 4, 5, and 6 with 
Ca(H,P 04)2 and to pH 8 and 9, with Ca(OH 2 ), we find a gradually 
decreasing length of the roots from pH 7 to pH 4 and excellent growth 
at pH 7, 8, and 9, with slightly the best at pH 8. 

The results of these experiments emphasize some matters which 
have often been overlooked by previous investigators. They show the 
importance of (a) the hydrogen-ion concentration, (5) the original 
pH of the solution employed, and (c) the nutrient or toxic action of 
the reagents per se employed in maintaining the desired reaction. 
For example, the growth in a solution having an original reaction 
of pH 5.0 was improved for citrus growth either by decreasing or by 
increasing the hydrogen-ion concentration. On the other hand, growth 
in a solution having an original reaction of pH 7.0 was better than 
that in solutions having greater concentrations of hydrogen-ions. 
Ca(OH) j was much more favorable for growth than NaOH when used 
to increase the OH-ion concentration, as ^own in a former paper.' 


B. The Absorption op Ions by Walnut Seedlings 

The problems of absorption were further studied by a series of 
experiments with walnut seedlings grown in culture solutions. On 
account of their extreme sensitiveness to certain kations walnut seed- 
lings are well suited to the study of many problems akin to those 
already presented. 

1. The absorption from solutions containing a low concentration of 
potassium ions. 

The first series of cultures to be described was planned to study 
the absorption of nutrient ions when potassium was present in small 
amounts. The question was of no little importance for we have shown 
elsewhere* that walnut seedlings are relatively rich in potassium, and 
consequently may grow for some time without additional supplies of 
that cdement. The seedlings grew in the cultures for two periods of 
35 days each.. At the end of the first period of 35 days, the plants 
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were in a vigorous condition; consequently they were transferred to 
another similar solution and grown for a second period of 35 days, 
at the end of which time the seedlings were still healthy and vigorous. 
The roots were clear white, the leaves free from tip burn, and the 
solutions were free from the yellow tinge which often accompanies 
injury. The seedlings absorbed more of the anions and kations during 
the first period than during the second, with the exception of PO4 which 
was completely absorbed during both periods (table 7). Although the 
ash of walnut kernels contains approximately 60 per cent of PO4, the 
seedlings absorbed all of the PO4 present in the solution. Although 
the culture solution contained a small amount of K at the beginning 
of the first period, no increase of K was evident at the close of that 
period. In the second period, however, when the initial concentration 
of K was lower, an excretion of K took place but no retardation of 
growth or unhealthy appearance of the plants due to lack of K was 
evident. 

TABLE 7 

Absorption or Ions by Walnut Seedlings Grown in Culture Solutions 

Low IN Potassium 



First period (35 days) 

Second period (35 days) 

Original 

m.e. 

Absorbed 

m.e. 

Per cent 
absorbed 

Original 

m.e. 

Absorbed 

m.e. 

Per cent 
absorbed 

Ca 

15.958 

10.798 

68 

15.429 

8 254 

53 

Mg 

4.877 

3 908 

80 

3 908 

2.135 

54 

Na 

3.355 

1.484 

44 

1 167 

-.100 


K : 

0 556 

0.149 

27 

0.261 

-.044 


Cl 

0.606 

0.606 

100 

0.364 

-.059 


NOj 

14.381 

12 519 

88 

14.381 

9 412 

65 

SO 4 

5.287 

- 242 


5.273 

0.478 

9 

PO 4 

2.898 

2.898 

100 

3.213 

3 213 

100 


Additional results (table 8) were obtained from the two sets of 
cultures in which the absorption from complete and low K solutions 
was compared. The similarity in the per cent of ions exclusive of 
potassium absorbed in the two cases is remarkable. 

The absorptions of ions by walnut seedlings differed from that of 
citrus seedlings when the concentration of K ions was low, in that no 
increased absorption of Ca or Mg took place (compare tables 1 and 8). 


2. The absorption of ions from solutions containing higher concen- 
trations of potassium. 

The first two sets of cultures of walnut seedlings received Hoag- 
land's solution, which contains 8 milliequivalents Ca (table 9). In 
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TABLE 8 

Absorptions or Ions by Walnut Seedlings Grown in Culture Solutions 

FOR 39 Days 



Complete nutrient solution 

Culture solution low in potassium 

Original 

m.e. 

Absorbed 

m.e. 

Per cent 
absorbed 

Original 

m.e. 

Absorbed 

m.e. 

Per cent 
absorbed 

Ca 

8 . 28 a 

6.507 

78 

8.204 

5.808 

71 

Mg 

4.786 

3.637 

76 

4 901 

3.752 

77 

Na 

1.016 

0.109 

10 

1.098 

-.373 


K 

4 516 

3 981 

88 

0 292 

-.101 


Cl 

0.558 

0 310 

57 

0 558 

0.358 

64 

SO 4 

5.393 

2 363 j 

44 

5.368 

2 321 

43 

PO 4 

3.473 

3 473 

100 

3 054 

1 

3 054 

100 


cultures 3 and 4, and thereafter when high Ca is noted, we added 
15 milliequivalents Ca as the nitrate in making up Iloagland’s solu- 
tion. Solutions 5 and 7 were the basis of a series in which the low 
K content was augmented by the addition of an appropriate K salt. 

When the initial concentration of K was. low, there frequently 
resulted an increase in the concentration of K in the solution. When 

TABLE 9 

Absorption of Ions by Walnut Seedlings from Solutions Containing 
Higher Concentrations of Potassium 


Cul- 

ture 

Modification of Iloogland’s 
nutrient solution 

Ijcngth 
of ab- 
sorption 
period 

Reaction of solution 

Initial 
concen- 
tration 
of K 

Ions absorbed 

Initial 

Final 

K 

Anion 



Dafis 

vu 

pH 

m.e. 

m.e. 

m.e. 

1 

Nutrient solution (unmodified) 

31 

5.0 

4 6 

4.029 

2 429 


2 

Nutrient solution (unmodified) . 

39 

5 4 

4.6 

4.516 

3.981 


3 

High Ca, first period 

35 

5.0 

5 4 

4.170 

3 840 


4 

High Ca, second period 

34 

5 3 

6 0 

4 288 

3 320 


5 

High Ca, low K, first period 

35 

4 8 

7.0 

0 556 

0.149 


6 

High Ca, low K, second period 

34 

4 9 

6.4 

0.261 

-.044 


7 

Ix)w K 

39 

5 4 

4 6 

0.292 

-.161 


8 

High Ca, KCl, first period . . 

35 

5.0 

5 5 

7.839 

6 743 

2 442 

0 

High Ca, KCl, second period 

34 

5 3 

6.0 

7.839 

3 817 

1.334 

10 

KCl 

30 

5 3 

4 6 

7.808 

7.483 

2.183 

11 

KCl 

39 

5.2 

4.6 

47 265 

22.339 

14 083 

12 

High Ca, KjS 04, first period 

35 

4.9 

5.5 

7 790 

6 687 

2 949 

13 

High Ca, K*S04, second period 

34 

5 0 

6 0 

7.662 

4 787 

1.909 

14 

K 1 SO 4 

30 

5.2 

5 2 

7.734 

4.009 

3.251 

15 

K*S04 

38 

5 0 

4 4 

39.683 

14.121 

13.347 

16 

High Ca, KNOa, first period 

35 

5 0 

5.6 

7.880 

5.717 

15.083 

17 

High Ca, KNOa, second period . 

34 

4 9 

6.3 

7.759 1 

4.063 

14.342 

18 

KNOi 

30 

5.0 

6 0 

7.767 

4.429 

8.301 

19 

KNOi 

39 

5 4 

6 2 

86.502 

26 225 


20 

High Ca, KHfP04, first period... 

35 

4.6 

5 2 

7.823 

5 985 

3.967 

21 

High Ca, KHsPOa, second period 

34 

4.9 

6.0 

7.642 

2.301 

0.208 
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KCl was added to the culture solution, the absorption of Cl was 
always less than that of the K. The seedlings in cultures 8 and 9 
removed less K from the solution containing 16 milliequivalents of 
Ca than from that containing 8 milliequivalents (culture 10). The 
most active absorption of K took place during the first period (cul- 
ture 8). When the initial concentration of K was 47 milliequivalents 
a much smaller percentage absorption of K took place than when 
lower concentrations of K were employed, although the total amount 
absorbed was greater. The solutions used in cultures 1, 2, 7, 10, and 
11 became more acid as a result of growth. Cultures 12 and 13 to 
which K2SO4 was added and which were high in calcium and nitrate 
were changed toward greater alkalinity, while those with lower Ca 
and NO3 (solutions 14 and 15) tended toward greater acidity. There 
was less absorption of SO4 than of K, even though the usual SO4 
of Hoagland’s solution was present as well as that added with the 
potassium. Absorption was again greater in the first than in 'the 
second period. All the solutions used in these experiments contained 
calcium nitrate, consequently where KNOg was added the NOg absorp- 
tion far exceeded that of the Cl, SO4 or PO4 anions. It is of interest 
therefore to find that, despite the large absorption of NOg, the absorp- 
tion of K in the first 35-day period was not greatly different from 
that of the cultures which received K2SO4. The reader may be 
reminded that a similar relation was found in the case of citrus 
seedlings (table 1). 

The cultures which received KII2PO4 with high calcium nitrate 
showed a decrease in H-ion concentration and a greater absorption of 
K than of PO4. 

Table 10 gives the results of a determination of all ions (except 
NOg) that were absorbed from solutions 11 and 15 of table 9. The 
milliequivalents of K absorbed in both cases were high, but were less 
than half the amounts initially present. From these data as well as 
from those in tables 9 and 13 it will be seen that less Cl and SO4 
were absorbed than K when a potassium salt was added in excess. 

A series of cultures with walnut seedlings was conducted in which 
approximately 7.7 milliequivalents of K was added as a single salt 
to the nutrient solution. The solutions were analyzed and renewed at 
the end of 35 days. The plants were removed after growing 35 days 
in the second solution and the amounts of nutrient remaining in the 
solutions were again determined (table 11). 

We found that, when large amounts of PO4 were supplied, the total 
absorption for both periods was not greater than when the usual 
amount of PO4 was supplied. It appears that where all the PO4 was 
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TABLE 10 

Ions Absorbed bt Walnut Seedlings from Two Culture Solutions 
Containing an Excess of Potassium Sai/t 
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absorbed from the solution during the first period, the PO4 constituted 
a limiting factor as indicated by the continued absorption during the 
second period. When the amount of PO4 supplied was high, less K 
was absorbed during the second period. The total amount of Mg 
absorbed in each culture for both periods is quite constant. It is of 
interest to note that the absorption of SO4 was negative in three cases 
and practically zero in a fourth. The nutrient solutions in every case 
were changed towards alkalinity. Except where KNO3 was added, 
the K absorbed always exceeded that of the corresponding anion. The 
nutrient solution ordinarily used contained the primary potassium 
phosphate. Table 12 gives a comparison of this with solutions con- 
taining the secondary phosphate and a mixture of the two. The 
results are expressed as milliequivalents of ions absorbed by 12 walnut 
seedlings to a liter of solution during two periods of 33 and 49 days 
each. 

TABLE 12 

Absorption or K and PO4 Tons from Nutrient Solutions by Walnut Seedlings 


Potassium salt used in 
nutrient solution 


Reaction 


Initial 

concentration 

Ions absorbed 
by plants 

Per cent 
absorbed 

Days 

Initial 

Final 

K 

PO4 

K 

PO4 

K 

PO4 



pH 

pU 

m.e. 

m.e. 

m.e. 

m.e. 



Kn*P 04 

33 

5 0 

4 6 

4 355 

3.081 

3 937 

3 081 

90 

100 

KHaP04 

49 1 

5 2 

4 8 

9 925 

6.867 

9 160 

6 503 

92 

95 

KjHP04 

33 

7 0 

4 6 

5 123 

2.690 

4 575 

2.690 

89 

100 

KjHP04 

49 

>7 0 

4 9 

10 985 

6.111 

10 084 

5.588 

92 

92 

K1HPO4 

\ 33 

6.2 

4 4 

4 897 

3 186 

4 506 

^ 3.186 

02 

100 

KHsP04 

/ 









KjHp64 

1 

5 6 

4 7 

10 143 

5 248 

8.940 

4.544 

88 

87 

KH*P 04 

/ 










It will be seen that the solution containing the primary phosphate 
had an initially lower pll value than the other two but that the final 
pH value in each case was very nearly the same. The amounts of K 
and of PO4 absorbed were practically identical when expressed as 
percentages of the amount supplied. The large absorption capacity 
of walnut plants for PO4, together with the great need of such plants 
for Ca, makes it desirable to test tricalcium phosphate as a source of 
Ca and PO4. Such experiments are now under way but have not been 
completed yet. 

3. Absorption from solutions of calcium and potassium salts. 

Since it has not been possible to grow walnut seedlings in a 
solution lacking calcium, we made another experiment in which walnut 
sellings were grown 47 days in solutions of KCl and of K2SO4 
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(approximately 7.7 milliequivalents of K) to which a small amount of 
CaCOg was added. The object of this experiment was to observe the 
absorption of K and its accompanying anion from solutions containing 
few other ions. 

TABLE 13 

Absorption op Ions by Wai-nut Seedlings Giuiwn in KCl or K2SO4 Solutions 

Containing CaCO, 


Solution 

Initial concentration in 
milliequivalents 

Milliequivalent ions 
absorbed 

Final 

reaction 

Ca 

K 

Cl 

SO 4 

Ca 

K 

Cl 

S04 

pH 

KCl+CaCOa 

KjSOa+CaCOs 

12.475 
12 476 

7.716 

7.619 

7.930 

7.850 

7.595 

7 605 

6 077 
6.482 

2.121 

1 583 

5.5 

4.8 



Table 13 shows that the seedlings absorbed approximately the same 
amounts of Ca from both solutions, and that although slightly more 
K was absorbed from the K2SO4 than from the KCl solutions, less 
SO4 was absorbed than Cl. The results add evidence to that already 
presented showing the relatively rapid absorption of K by seedling 
plants. 

Further studies were made on the absorption by seedlings of 
walnut and of St. Michael orange from solutions containing about 
7.7 milliequivalents of K ions and about 8 milliequivalents of Ca ions. 
We have thus an opportunity to observe the absorption of these 
kations in the absence of all others and to compare the results with 
those where CaCO., was furnished. 

TABLE 14 

Relative Absorption of K and Ca Ions by Walnut and Orange Sredunos 



Ab- 

sori)- 

tion 

Reaction 

Initial 

1 concentration 

Ions 

absorbed 

Per cent 
absorbed 










Salts 

period 

Initial 

Final 








Days 

pH 

pH 

K 

Ca 

K 

Ca 

K 

Ca 

Walnut: 

KCH-Ca(N03)a 

32 

4.8 

4.4 

m.e. 

7.424 

m.e. 

7.744 

m.e. 

2 726 

m.e. 

1 996 

37 

26 

KtS04+Ca(N0i)* 

32 

5.0 

4.6 

7.342 

8.044 

2 696 

2 774 

37 

34 

Orange: 

KCH-Ca(NOi)i 

32 

5.0 

4.6 

7.557 

7.924 

3.190 

2.335 

42 

29 

K,S04-f-Ca(N0i)t 

32 

4.6 

4.8 

6.774 

7.984 

2.952 

3.094 

44 

39 


Table 14 shows that the amounts of K and Ca absorbed were prac- 
tically identical when the sulfate and nitrate were used, but when the 
chlorid and nitrate were used somewhat greater amounts of K were 
absorbed than Ca. In experiments (table 5) where complete nutrient 
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solutions were used and the initial concentration of E and Ca was 
approximately the same, the milliequivalents of K absorbed were 
greater than those of Ca. In table 14, however, we were dealing with 
incomplete culture solutions. 

4. The absorption of calcium by walnut seedlings. 

In a former paper,® we have shown the sensitiveness of walnut 
seedlings to the presence of calcium. We shall now give some data 
on the absorption from solutions of single calcium salts. 

The absorption of calcium from 
solutions of CaClj was studied in two 
experiments (table 15), one of which 
ran for 20 and the other for 31 days. 
In each case the culture solution 
showed a slight increase in afidity 
due, as will be seen, to the greater 
removal of kations than anions, con- 
firming the results obtained by Eed- 
fern.® In the 31-day period the plants 
absorbed about one-fourth of the cal- 
cium present and still less in the 20- 
day period. 

The absorption of calcium from a 
solution of the primary phosphate (in 
spite of the higher acidity) was as 
great as from calcium chlorid solu- 
tions of equal strength. On the basis 
of the ions absorbed from the phos- 
phate culture, we would expect the 
final reaction of the solution to be- 
come more acid instead of alkaline. 
We can account for the change in the 
opposite direction only by assuming that kations entered the solu- 
tion from the plants. There was a certain amount of injury to the 
roots when first put into the calcium phosphate solution, but they 
later recovered only to show successive injury and recovery. This 
was particularly the case when 30 p.p.m. Ca as Ca(H 2 p 04)2 was 
used. The root cortex of walnut seedlings usually darkens when the 
solution is markedly unfavorable. For example, if we place seedlings 
in Ca(OH )2 solution of pH values in excess of pH 10, the root stops 
growing and the cortex becomes somewhat brown. If we then place 
the seedlings in a Ca(OH )2 solution, of more favorable pH, the root 





Fig. 7. Walnut-seedling roots 
showing the banded surface due 
to elongation after recovery from 
injury brought about by contact 
with a solution having unfavor- 
able alkalinity. 
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begins to elongate, and as it does so the darkened cortex develops a 
banded appearance in the zone of elongation (fig. 7 ). Figure 8 shows 
the effect of Ca(H2P04)2 solutions upon the root tips of walnut 
seedlings grown in water cultures. When 30 p.p.m. Ca was used, the 



Pig. 8. Walnut-seedling roots showing injury and recovery. The three roots 
on the left were dead for a short distance back of the apex. The two roots 
at the right had regenerated new root tips and were beginning to recover. 


changes in the effects brought 
about by this acid solution 
were readily followed. The 
roots died at the tip but not 
very far back. The cortical 
tissue then decayed away, 
leaving the central cylinder or 
stele still protruding. Grad- 
ually this disappeared and the 
root made another effort to 
grow from the apical end. 

Figure 9 shows successive in- 
jury and recovery and the 
broken-banded condition of 
the new roots similar to that 
shown in figure 7 . The seed- 
lings absorbed from a CaS04 
solution about the same pro- 
portion of Ca as from the 
CaClj solutions of equal con- 
centration. The development of acidity in the CaS04 cultures is 
striking, especially in view of the relatively short duration of the 
absorption period in the first three cultures, where in some cases the 
epicotyls had scarcely emerged from the nuts at the end of the period. 



pig. 9. Walnut-seedling roots showing 
successive injury and recovery incident to 
growth in a solution of Ca(H 3 p 04 )a. The 
way in which apical and lateral roots were 
formed from the stele indicates some differ- 
ence in the vitality of the tissues of the roots. 
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The absorption of ions from solutions of calcium nitrate was con- 
siderably greater than from solutions of any other salts discussed in 
this connection. Prom the weakest solution the plants absorbed in 
a 20-day period 50 per cent and in a 47-day period 80 per cent of the 
calcium. The greater absorption of Ca in the case of the nitrate 
solutions is due in part to the more favorable final reactions of the 
culture solutions and in part to the greater absorption of NOg. 

Two other results should be noticed. The amount of the nitrate 
ion absorbed in these cultures was greater than that of the kation and 
the solutions decreased in acidity. In all the other cultures shown in 
this table the kation was absorbed in greater amounts than the anion, 
and as a result the solutions increased in acidity. 

TABLE 15 

Absorption op Ions by Walnut Seedlings prom Solutions op Various 

Calcium Salts 


Twelve seedlings to a liter. 


Salt 

Initial 
concen- 
tration 
of Ca 

Length 
of ab- 
sorption 
period 

Reaction 

Ions absorbed by 
plant 

Per cent 
of Ca 
absorbed 

Initial 

Final 

Ca 

Anion 


m.e. 

days 

pH 

ill 

m.e. 

m.e. 


CaClj 

7 764 

20 

6 8 

4 8 

1 238 

0 742 

16 

CaClj 

15 100 

20 

7 8 

4 8 

2 096 

1.689 

14 

CaCls 

22.914 

20 

8 3 

4.8 

2.665 

2 160 

12 

CaCli 

7 685 

31 

5 4 

<4 8 

2 071 

1 371 

27 

CaCI* 

15 838 

31 

5 8 

<5.2 

3 583 

2.707 

23 

CaClj 

23 463 

31 

5 6 

<5 2 

5 479 

4 436 

23 

Ca(HjP04)j . . 

7 575 

23 

3 8 

4 2 

1 ^7 

0.652 

22 

CaS04 

6 208 

8 

5 5 

4.6 

-0 309 

0.227 

5 

CaS04 

12 250 

8 

5.8 

4 8 

0.494 

0.198 

4 

CaS04 

24.750 

8 

5 8 

4 8 

1 048 

-.121 

4 

CaS04 

20 928 

20 

5 4 

4 0 

3.124 

1.874 

15 

CaS04 

30.948 

20 

5 5 

4 2 

4 052 

4 008 

13 

Ca(NOi)j 

8 064 

20 

4 8 

5.8 

3.952 

4 581 

49 

Ca(NOj)j 

15.773 

20 

5 2 

5.8 

4.466 

5.152 

28 

Ca(N03)j 

23.967 

20 

5 2 

5.8 

4.920 

5.297 

20 

Ca(NOs)j 

15 639 

47 

5 0 

7 2 

12.575 

15.508 

80 


5. The effect of other kations on the absorption of calcium by walnut 
seedlings. 

It has frequently been mentioned that the absorption of ions is 
modified by the presence of other ions. In their natural habitat the 
plant roots are in contact with many ions. It may, therefore, be 
interesting to note the effect of Na and K ions upon the absorption 
of Ca as shown in table 16. 

The absorption of Ca from solutions of CaClg was slightly dimin- 
ished when NaCl or KCl salts were also present, although the absorp- 
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tion of Cl was increased. This diluting effect has been rather fully 
considered in other studies.® The addition of KCl or K2SO4 to 
Ca(NOg)2 solutions caused a final reaction more acid than the initial 
one, although when Ca(N03)2 alone was used, there was a decrease in 
the acidity (table 15). 

TABLE 16 

The ErPECT or Other Rations on the Absorption or Calcium by Walnut 

Seedlings 



Initial 

coneen- 

T.>ength 
of ab- 

Reaction 

Ions absorbed 

Per cent 

Culture solution 

tration 
of Ca 

sorption 

Iieriod 

Initial 

Final 

Ca 

Anion 

absorbed 


m.e. 

days 

pH 

pH 

m.e. 

m.e. 


CaCh 

12 400 

26 

5 6 

4 6 

2 630 

2 152 

21 

CaClj 

CaCls-f-2 1.943 milliequivalents of 

24 880 

26 

6 0 

4 6 

3.453 

2 829 

14 

NaasNaCl 

CaCb+22 381 milliequivalents of 

12 744 

26 

5.4 

4.6 

2.126 

3.706 

17 

Na as NaCl 

Ca(NOa)a+7.424 milliequivalents of 

25 050 

26 

6 0 

4 7 

3 024 

4.746 

12 

K as KCl 

Ca(N05)j+7.342 milliequivalents of 

7 744 

32 

4 8 

4 4 

1.906 


26 

K as KjS04 

8 044 

32 

5 0 

4.6 

2.774 


34 


6. The passage of solutes from ivalnut seedlings into the solution. 

Walnut seedling roots soon die when maintained in pure distilled 
water or in calcium-free solutions.® On the contrary, they grow for 
some time if maintained in solutions of a calcium salt. If the seedlings 
with the cotyledons attached are kept for some time in moist moss or 
sand they make normal growth, limited only by the amount of material 
which the cotyledons can supply. The conditions responsible for the 
sudden injury to roots in distilled water, or in ealcium-free solutions, 
form the pertinent starting point for an inquiry into the question 
of ionic exchange between the root and its environment. 

Walnut seedlings are very sensitive to calcium salts, as was illus- 
trated by an accidental introduction of a small amount of tap water 
into the distilled water which was being used. The roots made some 
growth whereas injury was soon apparent when the roots were kept 
in pure distilled water. It is remarkable that the harmful effects of 
distilled water upon walnut roots are so quickly evident. Within an 
hour the color of the sub-apical meristematic region of the root 
changes from healthy white to pale yellow. During the next few 
hours (depending somewhat upon the temperature) the sub-apical 
region changes from yellow to dark brown, probably due to the 
oxidation of a chromogen, which later appears to diffuse out of the 
roots, leaving them lighter colored. 
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While these color changes are occurring, the roots become gelatin- 
ous and eventually quite slimy for some distance back of the tip. The 
condition is altogether typical of that found in previous experiments® 
in calcium-free media. It has been shown that the gelatinous roots 
will produce laterals if they are transferred to suitable nutrient 
solutions before injury has involved the vascular system. 

Some additional data are here given which bear upon the question 
of injury in pure distilled water. The experiment was a preliminary 
test to show whether the amount of ash constituents in a root is 
reduced when distilled water is used as a culture medium. One set 
was grown in nutrient solution, another in distilled water and a third 
in a saturated atmosphere. In distilled water there was opportunity 
for electrolytes to diffuse out of the roots. Only the seedlings in 
distilled water showed injury. 


TABLE 17 

Eppeot op Distilled Water on the Composition op WaLnut Seedling Boots 



Control seedlings 
from damp moss 

Seedlings after 3 days 
in distilled water 

Freah weight of 25 roots 

25.00 grams 

7.12 percent 

28.00 grams 

6.40 percent 

Ash in the dry matter. 

Constituents of the ash: 

Na 

4.65 per cent 

26.77 per cent 

.61 percent 

1.07 per cent 

3.65 per cent 

38.60 percent 

3.20 percent 

17.39 per cent 
.36 percent 
.52 per cent 

1 . 72 per cent 

33.06 per cent 

K 

Ca 

Mg 

SO 4 

PO 4 


Twenty-five seedlings whose roots were 10 to. 20 cm. long were 
placed in a culture jar containing 20 liters of carbon-treated distilled 
water. The roots from seedlings grown 3 days in distilled water and 
from seedlings taken directly from damp moss were cut just below the 
cotyledons, dried at 60° to 70° C and analyzed. Table 17 shows the 
composition of the roots of each set. The ash constituents of roots 
immersed for 3 days in distilled water were less than for those taken 
directly from the moss. The greatest relative difference was in the 
case of Ca, Mg, and SO 4 . Our interest centers in the loss of Ca, 
because, as we have shown in another paper,® similar injury was noted 
when walnut seedlings were grown in nutrient solutions lacking Ca. 

With our present knowledge of the salt requirements of plants it 
seenis difficult to understand this Ca relation. In general there is no 
exact minimum requirement; on the contrary, as often shown, there 
ig a more or less wide range in their salt requirements. One would be 
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slow to ascribe the sudden and profound effects observed to a change 
in Ca content from 0.6 per cent to 0.4 per cent. It is, of course, 
probable that there is a gradient for these ions in the roots, and that 
the diminution of Ca in the subapical region may have been much 
greater than that shown by the analysis of the whole root. The dis- 
tribution of calcium in the walnut-seedling root was determined on 
a lot of roots which were about 12 cm. long when removed from the 
moss in which they had germinated. The roots were cut off immedi- 
ately below the cotyledons and divided into basal, middle, and apical 
portions. 

The calcium content of these roots is shown in table 18. The apical 
portion appears to contain more calcium than the others, although it 
is in this region that injury first appears when the roots are grown in 
calcium-free solutions. 


TABLE 18 

The Distribution op Calcium in the Roots op Walnut Seedlings 
Dependent upon the Cotyledons 





Per cent of Ca in 


Fresh weight 

Dry weight 

Fresh root 

Dry matter 

1. Basal part...„ 

(grams) 

43.68 

(grams) 

4.89 

.004 

.038 

2. Middle part 

15 30 

1.14 

.008 

.105 

3. Apical part 

7.87 

.59 

.009 

.119 


When walnut seedlings are grown several weeks in the usual 
nutrient solution the amount of Ca in the roots ranges from 3 to 5 
per cent of the ash. Their total Ca content under favorable con- 
ditions for absorption is, therefore, not very large. Cranner® states 
that the presence of calcium is necessary to maintain the integrity of 
the bounding layer of the protoplast. In distilled water enough calcium 
may have diffused out of this layer to alter the permeability relations 
to a harmful degree without depleting to a corresponding extent the 
calcium content of the cell. Further study is necessary to determine 
whether the loss of this small amount of Ca from the walnut root is 
the primary cause of the injury noted. 

7. The absorption of sodium ions by walnut seedlings. 

A comparison of the ions absorbed from the nutrient solution and 
from the same with the addition of NaCl is given in table 19. In 
each case 12 walnut seedlings were grown for 39 days in 1 liter of 
solution. When walnut seedlings were grown in nutrient solutions 
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TABLE 19 

Absorption op Ions prom Nutrient Solution when Sodium Chlorid 

Was Present 



Milliequivalents absorbed 

Nutrient solution 

Nutrient 8010 ^ 004-87 m.e. 
of Na as NaCl 

Ca 

6 507 

3 214 

Mg 

3.637 

2 670 

Na 

0 109 

12 538 

K 

3 981 

3 295 

Cl ... ... 

0.319 

12 574 

SO 4 

2 363 

1.937 

NOs. 



PO 4 

3.473 

2 451 

HCOa* 


-2 66 


• Determineti by titration with methyl orange. 


containing fairly large amounts of NaCl there was usually char- 
acteristic suppression of growth in the epicotyls. 

The results obtained from analyses of the residual solutions after 
the seedlings had grown for 39 days, sliow that the introduction of 
NaCl retarded the absorption of Ca more than that of the other 
kations. This effect has already been shown by the analysis of walnut 
roots grown in nutrient solutions containing sodium salts. We note 
also that Na and Cl were absorbed in molecular equivalents. 

Additional experiments were made to determine the effect of NaCl 
in a more concentrated nutrient solution (table 20). 

The concentration of the nutrient solutions was 1455 p.p.in. and 
7275 p.p.m. respectively. Approximately 1275 p.p.m. of NaCl was 
added to one set and 2550 p.p.m to another. The four solutions in 
the order listed in table 20 had total concentrations, therefore, of 
2730, 8550, 4005, and 9825 parts per million. 

The roots of all seedlings in the four solutions showed no injury 
from the salts present, but the tops of the seedlings were affected. 
In solution No. 3 the margins of the leaves were killed in places. In 
solution No. 4 only two of the 12 seedlings put up epicotyls; the 
remainder were barely able to emerge from the shells. The plants 
which grew in the two weaker solutions (Nos. 1 and 2) were good in 
every respect. 

The increased amounts of sodium apparently restricted the 
absorption of other kations. It seems evident from these data that 
the presence of an excess of^.NaCl operates to prevent the absorption 
of other ions, especially Ca. When the strength of the nutrient 
solution was increased fivefold there was no substantial difference in 
the amount of Na and Cl ions absorbed. 



Determined by titration with methyl orange. 
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Absorption op Ions by Walnut Seedlings prom Nutrient Solutions Containing Sodium Salts 
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When the amount of calcium was increased fivefold there was 
increased absorption, though not in proportion to the amount present. 
The case of magnesium appears somewhat unusual, because there was 
least absorption from solutions which contained most. It is possible 
that the absorption of calcium resulted in lowering the absorption 
of magnesium, which enters less readily into loose combination with 
the colloidal constituents of the cell. The diminished Mg absorption 
shown by solutions 5 to 8, accompanying increasing concentrations of 
Na ions, agrees with the reduced Ca absorption. The chlorin ion was 
absorbed in amounts substantially equivalent to those of its kation. 

The effect of sodium sulphate was also studied (table 20). Some 
of the walnut leaves in solution 8 showed salt burn at the margins. 
The seedlings in solutions 5, 6, and 7 made excellent growth. 

These results suggest that the roots have come into some sort of 
equilibrium with the ions in the solutions and that ions lost in the 
initial stage of the experiment may be absorbed later. The results 
reported by Hoagland* were obtained by placing a mass of roots of 
healthy plants into solutions for two days. In many cases he found 
a passage of ions from the plant to the solution where no doubt there 
would have been a net absorption in the course of time. However, 
our results agree in the main with those of Hoagland. 

8. The relation of the hydrogen-ion concentration to ionic interchange. 

In several of the foregoing experiments it was shown that the 
unequal rates of absorption of kations and anions resulted in changes 
in acidity. Our results agree with those of Hoagland® who concluded 
that the changes in reaction are due to unequal absorption and to the 
giving off of ions by the root. Many experiments have shown that 
the pH of the solution between pH 4.5 and 8.5 has practically no effect 
on the growth of walnut seedlings. This may be due to the large 
storage of reserve food within the seed. When the walnut plants 
grew in solutions well supplied with nitrate there was usually an 
accumulation of IICO3 in the solution. When Ca(N08)2 was furnished 
this effect was the more pronounced because of the rapid absorption 
of the NO3 ions. The methyl orange titration of the nutrient solution 
calculated as HCO3 was often as high as .7 milliequivalents at the 
end of a 33-day growth period and as high as 5.0 milliequivalents at 
the end of a second 33-day period. 

The effect of ion interchanges is well shown by data in table 15. 
The net effect of absorption from CaClj or CaS04 solutions was an 
increase in the H-ion concentration, while with absorption from 
Ca(NOa)2 solutions the OH-ion concentration increased. The pH of the 
CaCls or CaS04 solutions usually reached 4.8 or 5.0 without evident 
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injury to the roots. When plants were put into solutions of Ca(N 03)2 
growth continued for a longer time and pronounced increases in pH 
were observed. For example, the last set of cultures in table 15 grew 
for 47 days, during which time they absorbed most of the ions from 
the solution. The solution had a pH of 7.0-7.2 at the end of the 
period and upon heating to expel CO 2 it changed to pH 8.0. A small 
variation in pH, however, may be more significant in the more acidic 
solutions than is a large variation in the less acidic solutions. 


C. General Discussion 

When a living cell is in contact with a solution, absorption and 
excretion occur. The process never reaches an end-point because the 
ions absorbed by the plant promote its growth, thereby increasing 
its power or capacity further to absorb (or excrete) ions. It presents, 
therefore, a moving equilibrium. The exchange of ions is influenced 
by a great variety of conditions, such as the concentration of the 
solution, the nature and concentration of the ions present, the effect 
of one ion upon the absorption of another, temperature, light, and 
other factors. In fact, the absorption of ions is veiled by a host of 
factors, few of which are as yet understood. 

Since energy is undoubtedly expended in the uptake of ions by 
plants, it is to be expected that the ratio and amount of this uptake 
should vary with the plant. The results herewith reported may 
therefore supplement those of Hoagland,^ obtained from experiments 
with other plants. There is abundant evidence in this paper to 
support the idea that the processes of absorption are concerned with 
ions. The rate of absorption is not related to the velocities, nor to 
other physical-chemical properties of the ions so far as they are 
known. The amount of an ion absorbed is not strictly related to the 
amount already present in the plant. For example, phosphate was 
rapidly absorbed by walnut seedlings, although their cotyledons are 
very rich in phosphorus. We can only conclude therefore that their 
absorption is related to some chemical or physical property of the 
protoplasm. 

Both citrus and walnut seedlings had a greater absorptive power 
for potassium, calcium, and nitrate ions than for magnesium, chlorin, 
or sulfate ions. 

The effect of one ion upon the absorption of another was very 
pronounced, and occurred whether the ions had like or unlike elec- 
trical charges. Potassium ions retarded the absorption of calcium 
more than sodium, but sodium did not retard the absorption of 
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potassium. One of the striking features of these experiments is the 
rapidity with which potassium ions were absorbed. Whenever this 
ion was abundant it was absorbed, usually to the exclusion of other 
kations and sometimes anions. 

In a soil where the rates of renewal and diffusion are slower than 
in a water culture there might not be such an accumulation of 
potassium in the plant. However, if the concentration of potassium 
were fairly high the absorption process might lead to exactly such a 
relation between potassium and calcium as we find in ‘‘mottle-leaf” 
and kindred troubles of citrus trees. There is evidence from data 
upon the absorption of ions by trees that the ratio of potassium to 
calcium absorbed normally becomes smaller with the growth of the 
tree, but the possibility of a later reversal and a return to this early 
condition exists. 

Almost without exception the plants absorbed greater amounts of 
kation than anion, and the rate at which one was absorbed appeared 
to influence that of the other. The per cent of kations absorbed was 
always greatest when they were accompanied by a favorable anion 
like NO3. The converse of this statement is generally true although 
the differences are not so striking. 

The absorption of chlorin is of particular interest because of its 
occurrence in certain irrigated soils where it forms one of the con- 
stituents of “white alkali” salts. The detrimental effect of the 
absorption of any considerable amount of chlorin by plants has long 
been known. Our results indicate that the amounts of chlorin 
absorbed stand in the following order with respect to the accom- 
panying kation: Ca>K>Na>Mg. It is probable that the larger 
amount absorbed is to a certain extent related to the growth pro- 
moting power of the individual kation. The larger plants thus pro- 
duced have a large capacity to absorb ions. When barley plants of 
the same size were placed in the salt solutions the order of magnitude 
of chlorin absorbed was K>Na>Mg>Ca, according to Hoagland.* 
One of the effects of sodium chlorid upon the plant seems to be due 
to an interference with the absorption of calcium. As sodium chlorid 
accumulates in the leaves and meristematic regions it produces direct 
injuries, the nature of which is as yet unknown. 

The nitrate ion was regularly absorbed in relatively large amounts 
even when the initial concentration was high. The presence of chlorin 
retarded the absorption of nitrate, but other ions seemed to have little 
effect upon its absorption. Where the initial concentration was 
sufficiently great the absorption of nitrate was sometimes greater than 
th^t of the corresponding kation. In the case of walnut seedlings. 
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the absorption of phosphate ions was also large, except where the 
concentration of the hydrogen ion was too great for satisfactory 
growth. It appears that the cells of the walnut root have some extra- 
ordinary powers of combining with phosphates, because when grown 
in distilled water there was no excretion of that ion, although the 
concentration of phosphorus compounds in the root was high. 

In all cases studied there was an exchange of ions between the root 
and the solution in which it grew, resulting generally in a change in 
the acidity of the latter. The CO 2 excreted by roots tends to main- 
tain a reaction favorable to growth. The most important effect noted 
was where the rapidly absorbed nitrate anion was furnished with a 
more slowly absorbed kation. In such a medium a fairly high degree 
of alkalinity may be developed by the formation of carbonates, but 
there was no evidence that any carbonate was absorbed by the roots. 

The significance of the results of this study seems to lie in giving 
a clearer understanding of the processes of absorption from a rela- 
tively simple medium. Prom these results we have tried to obtain 
a clearer idea of the principles governing the process of absorption. 


IV. SUMMARY 

1. The data presented in this paper deal with the absorption of 
ions from solutions by citrus and walnut seedlings and by young 
trees. They deal with the relative amounts of various ions absorbed, 
the effects of one ion upon the absorption of another, and the changes 
in the reaction of the solution due to ion absorption and excretion. 

2. Rough-lemon and grapefruit seedlings removed relatively more 
potassium than calcium from solutions containing approximately 
equivalent amounts of these ions. When the potassium in the culture 
solution was low in. amount, citrus seedlings absorbed more calcium, 
magnesium, and phosphate from the solution than when potassium 
was abundant. There was an interchange of ions between the solution 
and roots resulting in an excretion of potassium into the solutions 
when the original concentration of potassium was low. 

3. Citrus seedlings absorbed more kation than anion from solu- 
tions of single calcium salts, causing an increase in acidity of the 
solutions. Calcium ions were readily absorbed by citrus seedlings 
when sodium and potassium were absent or low in amount. 

4. The presence of chlorin ions reduced the absorption of nitrate 
ions by citrus seedlings. When various chlorids were added to culture 
solutions the greatest amount of chlorin was absorbed from those 
containing calcium chlorid. These citrus seedlings made the best 
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growth and as a consequence were able to absorb more chlorin without 
injury than were the other cultures. From culture solutions which 
contained 1000 p.p.m. sodium chlorid, citrus seedlings absorbed 
approximately equivalent amounts of sodium and chlorin. 

5. The changes in reaction of culture solutions in which citrus 
seedlings have grown, may be attributed directly to differential 
absorption of ions, together with an excretion of certain ions. Acid 
culture solutions do not always change in the direction of neutrality 
nor do neutral solutions always change in the direction of greater 
acidity. In complete nutrient solutions citrus seedlings may, in a 
comparatively short period, bring about so great a concentration of 
H ions as to be injurious to the roots. 

Bicarbonate ions were found in culture solutions from which 
citrus roots had removed nitrate ions, but effervescence of the ash of 
citrus seedlings is not conclusive proof that the CO 3 had^ been 
absorbed from the solution. 

6 . No stimulation of the growth of citrus roots occurred in 
solutions of sodium carbonate. When calcium was completely absent 
from the solution, a high initial alkalinity due to sodium carbonate 
was very injurious to the roots of citrus seedlings; so also was the 
complete absence of calcium from a culture solution containing a 
favorable amount of the other essential ions. 

7. Young Valencia orange trees removed more calcium than potas- 
sium from the culture solutions, but in comparison with the initial 
concentration the absorption of potassium ranked close to that of 
calcium. The absorption of magnesium was not. very high in com- 
parison with that of calcium and potassium. The absorption of the 
chlorin and the sulfate ions was very low in comparison with that of 
the nitrate ion, when the concentrations of chlorin and of sulfate were 
not excessive. 

In sand cultures, Florida Sour-orange seedlings, two years of age, 
removed practically all of the nitrate present, and about equal per- 
centages of the initial concentration of calcium and potassium. The 
percentage of the initial concentration of magnesium removed was 
much less than that of either calcium or potassium. 

8 . The nature of the growth obtained with citrus seedlings in 
water cultures at different pH values depends not only upon the main- 
tained pH of the solution, but also upon the pH of the original 
solution as well as upon the nature of the acid or alkali used in main- 
taining the desired pH. 

9. Although the ash of walnut kernels contains approximately 
60 per cent of phosphate, the walnut seedlings rapidly absorbed all 
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of the phosphate from a complete nutrient solution. Walnut seedlings 
removed less ehlorin or sulfate than potassium from culture solutions 
containing an excess of potassium salt. When walnut seedlings were 
grown in solutions having equivalent concentrations of potassium 
chlorid or potassium sulfate, they removed practically the same 
amounts of calcium from both solutions. Although slightly more 
potassium was absorbed from the potassium sulfate culture, the 
absorption of sulfate exceeded that of ehlorin. Except in the case of 
potassium nitrate, the potassium absorbed by walnut seedlings from a 
nutrient solution to which different potassium salts were added, always 
exceeded that of the anion added with it. 

10. The total amount of magnesium absorbed by walnut seedlings 
was quite constant and was not affected appreciably by additions of 
potassium salts to the solution. 

11. Walnut seedlings removed more kation than anion from solu- 
tions of single calcium salts except in the case of the nitrate. The 
acidity of the residual solution was entirely dependent upon the 
absorption rate of the two ions employed. In a solution of calcium 
acid phosphate having an unfavorable degree of acidity, walnut 
seedling roots made renewed attempts to elongate, even after the root 
tips had been killed by the excessive acidity. 

12. The addition of the chlorids or sulfates of sodium or potassium 
to calcium solutions brought about a reduction in the absorption of 
calcium. The addition of potassium chlorid or sulfate to calcium 
nitrate caused a final reaction more acid than the initial reaction, 
although when calcium nitrate alone was used, walnut seedlings 
brought about a decrease in acidity. The presence of an excess of 
sodium chlorid in a culture solution prevented walnut seedlings from 
absorbing large amounts of calcium. Increasing the concentration 
of the nutrient solution containing large amounts of sodium chlorid 
caused no substantial differences in the amounts of sodium and 
ehlorin ions absorbed by walnut seedlings. 

13. The apical portion of walnut roots grown in calcium-free 
solutions contained more calcium than the portions further removed 
from the apex, although the first evidences of injury were visible in 
this apical portion. 
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THE INFLUENCE OF PRUNING ON THE GERMI- 
NABILITY OF POLLEN AND THE SET OF 
BERRIES IN VITIS VINIFERA 

A. J. WINKLERS 


In the progress of an investij^ation at the California Experimpnt 
Station of the effect of pruning on capacity, vigor, and bearing of 
Vinifera grapes,^- it was observed that the type of pruning influenced 
the germinability of the pollen and the setting of the fruit. 

So far as I have been able to find, no account of the influence of 
pruning on the germination of pollen has been published. This is 
also true with reference to the set of fruit, unless we except the many 
reports of larger yields resulting from the less severe or so-called 
‘4ong’’ pruning in deciduous fruits. In this case, however, the larger 
yields which accrue from the development of a larger number of fruits 
may be the result of a larger bloom without any change in the quality 
cf the flower parts, since the less severe pruning leaves a larger number 
of fruit buds on the tree. 

Though there are no printed records of an increase in tlie set 
of fruits as a result of the long pruning of deciduous trees, the 
beneficial effect of blossom thinning on set has been indicated by 
Miss Bradbury.^ She reports that during the one season of her tests, 
1924, the set of fruits on sour cherry trees was increased from 24 per 
cent on the unthinned branches to 42 per cent on the branches on 
which the blossom buds of the spurs were thinned as early as prac- 
ticable to one blossom to a bud. 


Assistant Viticulturist in the Experiment Station. 
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DEFINITION OP TYPES OP PRUNING USED 

Normal* Pruning, — Pruning as nearly as possible in accord with 
the best accepted commercial practices of pruning each variety.^ All 
bunches allowed to develop. (Pig. lA.) 

Severe Pruning. — Pruning similar to that of the normally pruned 
vines, but more severe, only the base buds being retained on the spurs. 
All bunches allowed to develop. (Pig. IB.) 

Half-long Pruning^ part crop. — Pruning similar to that of the 
normally pruneA vines, but less severe, six to ten buds being retained 
on the spurs. All bunches in excess of the number of bunches on the 
normally pi'uned vines, at the time of thinning, removed before 
blooming. (Fig. 1C.) 

Cane Pruning, part crop. — Pruning similar to the commercial 
practice of cane pruning as used on Sultanina, except that more wood 
(four to nine canes, two to three feet long) is retafned. All bunches 
in excess of the number on the normally pruned vines, at the time 
of thinning, removed before blooming. (Pig. ID.) 

No Pruning f part crop. — No pruning. All bunches in excess of 
the number on the normally pruned vines, at the time of thinning, 
removed before blooming. (Fig. IE.) 

No Pruning, all crop. — No pruning. All bunches allowed to 
develop. (Pig. IE.) 


THE GERMINATION OF POLLEN 

Collection of Pollen . — Flower bunches under the different types of 
pruning were collected at as nearly the same time as possible on the 
same days and "placed in bags. In the laboratory, the anther sacks 
were separated from the rest of the bunch and placed in vials. The 
pollen was tested for germination in no case later than 48 hours 
after its removal from the vine. 

Germination. — In the germination tests, a small quantity of pollen 
was placed on a hanging drop of a sucrose medium in a Van Tieghem 
cell. In each test the number of germinated and ungerminated pollen 
grains in from ten to twenty areas over the surface of the drop was 
counted. Several hundred grains were counted for each variety under 
each type of pruning. 

* Normal is UEjed here in the sense of ‘'usual.'' 
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Fig. 1. Muscat of Alexandria vines showing the types of pruning used. 
A. Normal (or usual) pruning, B. Severe pruning, C. Ualf-iong pruning, 
D. Cane pruning, E. No pruning. 
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The figures of table 1 indicate that grape pollen germinates well 
over a considerable range of temperature. Its sensitiveness to con- 
centration of media, however, is more marked. Not a single grain 
germinated in water. In 15 and 20 per cent sucrose the germination 
was best, differing little in these two concentrations. Beyond these 
limits there was a rapid falling off in the germination. 

In view of the data of table 1, all germination tests were made 
in both 15 and 20 per cent sucrose at 27°-30° C. In the table showing 
figures on germination, however, only the average per cent of germina- 
tion for these two concentrations of media is given. 

TABLE 1 

The Influence op Temperature and Concentration of Sucrose Media on the 
Germination of Grape Pollen 


Concentration of Sucrose Media — and per cent of germination 


Temperature 

0 

(Water) 

5 

per cent 

10 

per cent 

15 

per cent 

20 

per cent 

25 

per cent 

30 

per cent 

18-21° C 

0 

9 

17 

23 

26 

13 

6 

24-26° C 

0 

9 

17 

27 

33 

17 

9 

30° C 

0 

6 

13 

21 

35 

22 

16 

35° C 

0 

4 

7 

20 

27 

24 

17 

Average 

0 

7 

13.2 

22.7 

30.2 

19 

12 


The samples of pollen of the Muscat of Alexandria, Black Monukka, 
and Alicante Bouschet were collected from the twelve vines under 
each type of pruning. For the other varieties the pollen was taken 
from five vines under each type of pruning. The pollen from all 
the vines of a variety under the same types of pruning was massed 
together, and after thorough mixing, was used as a single sample in 
the germination tests. The percentage of germination of the pollen 
of the several varieties under the different types of pruning is shown 
in table 2. 

The data in table 2 indicate that the influence of pruning on the 
germinability of pollen is very marked. If we take the percentage of 
the germination of the pollen from the normally pt'uned vines as a 
standard, the germinability of the pollen of the half dong pruned, part 
crop vines was increased from 38 to 277 per cent; that of the cane 
pruned, part crop vines from 44 to 606 per cent; that of the non- 
pruned, part crop vines from 219 to 606 per cent; and that of the 
non-pruned, all crop vines from 117 to 576 per cent, when all of the 
varieties are treated as a whole. 
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The greatest increase was in Muscat of Alexandria and Alicante 
Bouschet, where the percentage of germination of the pollen from the 
normally pruned vines was very low. For the Muscat of Alexandria, 
for which the data for three years of the non-pruned vines are avail- 
able, the average increase in germinability of pollen has been 277 
per cent for the half -long pruned, part crop; 342 per cent for the 
cane pruned, part crop; 414 per cent for the non-pruned, part crop; 
and 296 per cent for the non-pruned, all crop vines. 

TABLE 2 

The Influence or Pruning on the Germinability or Pollen 


Types of pruning— with per cent of germination 


Variety 

Year 

Severe 

Normal 

Half- 
long, 
part crop 

Cane 
pruned, 
part crop 

Non- 
pruned, 
part crop 

Non- 
pruned, 
all crop 

Muscat of Alexandria 

1924 

5.4 

6.9 

26 


26 

15 

Muscat of Alexandria 

1925 

7.8 

8.0 


41 

54 

42 

Muscat of Alexandria 

1926 

11.0 

10.7 


41 

52 

45 

Black Monukka 

1925 

17.3 

17.6 

46 


58 

48 

Black Monukka . .. . 

1926 

17.0 

16.0 

37 


51 

40 

Alicante Bouschet . 

1926 

6.7 

6.8 


48 

48 

56 

Muscat gigas 

1925 

7.4 

8.7 

11 

17 



Muscat gigas .... 

1926 

5 0 

12 0 

17 

19 



Dizmar 

1925 

15.0 

18.0 

27 

31 



Dizmar 

1926 

15.0 

15 0 


32 



Molinera 

1926 

9 

16 

28 

43 1 



Henab 

1925 

33 

37 

58 

57 



Henab 

1926 

21 

25 

49 

67 



Malaga 

1925 

31 

28 

54 

56 

. 


Malaga 

1926 

28 

30 

41 

53 



Emi)eror 

1925 

23 

25 

42 

40 



Emperor 

1926 

25 

25 


36 




In the case of such varieties as Malaga, Ilenab, and Emperor, where 
the pollen of the normally pruned vines gives a relatively high per- 
centage of germination, the increase in germinability as a result of 
less severe pruning was not so great. It was, however, sufficient to be 
significant. The average increase in germinability of the Malaga 
pollen — which is typical of these varieties — was 65 per cent for the 
half-long pruned, part crop and 105 per cent for the cane pruned, 
part crop vines. 

As might be expected, since the difference in the severity of pruning 
is relatively small, there has been no great difference between the 
germinability of the pollen of the severely and normally pruned vines. 
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The severe pruning, however, in twelve instances out of seventeen, 
decreased the germinability of pollen. This decrease varied from zero 
to 58 per cent. In two instances the percentage of germination was 
the same, and in three instances there was a very slight increase 
(2.5, 5.8 and 10.7 per cent). 


THE SET OP BERRIES 

It is the observation of growers wherever the Muscat of Alexan- 
dria and Hunisa are grown that these varieties are very subject to 
Couture (shelling) and millerandage — the production of small seed- 
less (shot) berries. The Muscat gigas is similarly, defective with 
regard to couture. These defects in the Muscat of Alexandria pre- 
sented one of the first problems of the California grape growers to 
receive the attention of the Experiment Station. Efforts to overcome 
these varietal defects in California as well as in the other countries 
where these varieties are grown have been almost fruitless. In the 
other varieties listed in tables 3 and 4, these defects are rarely 
sufficiently serious to be of commercial importance. It is questionable, 
however, if there is a single variety of grape that under certain 
conditions of soil and climate is not subject to the setting of seedless 
berries or to shelling, and with many these defects are common. 

In following up the influence of the different types of pruning 
on the set of berries, counts of the number of normal berries to a 
bunch were made. All of the berries on all of the bunches of six 
vines of Muscat of Alexandria, of four vines of' Muscat gigas and 
of Molinera and of two vines each of Hunisa, Henab, Malaga, Emperor, 
and Ohanez under each type of pruning were counted. The numbers 
of normal berries to a bunch under the different types of pruning 
are given in table 3. 

If the number of normal berries to a bunch on the normally pruned 
vines is taken as a standard, the data indicate an increase in Muscat 
of Alexandria of 221 and 312 per cent, respectively, for the years 
1924 and 1925 in the number of normal berries to a bunch on the 
non-pruned, part crop vines. This increase in the case of the non- 
pruned, all crop vines was 57 and 68 per cent, respectively. In case 
of the half-long pruned, part crop and the cane pruned, part crop 
vines, the increase during 1925 was 114 and 238 per cent, respectively 
(fig. 2A and B). 

In Hunisa, which of all the varieties of Vinifera grapes is one of 
the most prone to produce small seedless berries, the increase in the 
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number of normal berries was greatest. Here the increase was 407 
per cent for the half-long pruned, part crop and 728 per cent for 
the cane pruned, part crop vines. In this variety the number of 
normal berries to a bunch was reduced almost to zero by severe 
pruning, 

TABLE 3 

The Influence op Pruning on the Number op Normal Berries to a Bunch 


Variety 

Year 

Types of pruning— and the number of normal berries to a bunch 

Severe 

Normal 

Half- 
long, 
part crop 

Cane 
pruned, 
part crop 

Non- 
pruned, 
part crop 

Non- 
pnined, 
all crop 

Muscat of Alex- 








andria 

1924 

32=hl.6 

37±1.1 

77±1.9 


119=t2.1 

58dbl.9 

Muscat of Alex- 





andria 

1925 

42±1.8 

34dbl.4 


115=fc3.6 

140=1=2.4 

57=1=2.9 

Hunisa 

1925 

2±.31 

14±1.8 

71i5.0 

102=±=9. 1 

Muscat gigas 

1925 

18±1.5 

20=bL8 

64dt3.8 

84=t4.0 



Molinera 

1925 

56ri=3.2 

62it3.5 

132±3.4 

121=b4.0 



Henab 

1925 

80±4.2 

80=b5.0 

109±7.1 

123=h6.1 



Malaga 

1925 

103dbl3.2 

132d=14.0 

183d:7.0 

166:tll.O 



Emperor 

1925 

100=t7.3 

138=b6.8 

164±8.7 

165db8.9 



Ohanez 

1925 

44db4.1 

74=fc6.7 

113=1=6.1 

159=1=7.6 








In Muscat gigas the increase in the number of normal berries 
to a bunch was 220 per cent for the half -long pruned, part crop and 
320 per cent for the cane pruned, part crop vines. There was no 
significant difference in the number of normal berries to a bunch on 
severely and normally pruned vines. 

In the other varieties — Molinera, Henab, Malaga, Emperor, and 
Ohanez — which are generally little affected by couture and which 
usually set a very high percentage of normal berries, the number of 
normal berries to a bunch has not been so much influenced by the 
type of pruning. The increase as a result of the less severe pruning 
has, nevertheless, been considerable. The increase in the number of 
normal berries to a bunch has ranged from 19 to 112 per cent for the 
half -long pruned^ part crop and from 20 to 115 per cent for the 
cane pruned, pari crop vines. In these varieties the decrease in the 
number of normal berries to a bunch on the severely pruned vines 
also was small. The decrease ranged from zero in Henab to 40 per 
cent in Ohanez. 

Of only slightly less importance than the number is the percentage 
of normal berries to a bunch. An increase in the number of normal 
berries to a bunch would not improve the quality of a grape or increase 
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its salability if it were accompanied by a corresponding increase of 
small seedless (shot) berries. That is, a large bunch of equally poor 
quality is little or no more desirable than a small bunch. 



Fig. 2A. The influence of the type of pruning on the number of normal berries 
set to a bunch on Muscat of Alexandria. Normal pruning (34 normal berries to a 
bunch). (Entire crop from one average vine.) 


At the time of the count of normal berries the total number of 
berries on each bunch was determined. The average percentage of 
normal berries to a bunch was then calculated from these counts. 
The percentage .of normal berries to a bunch under the different types 
of pruning are given in table 4. 
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Again, if we take the percentage of normal berries to a bunch on 
the normally pruned vines as a standard, the average increase of 
normal berries to a bunch in Muscat of Alexandria has been 25 per 
cent for the non-pruned, all crop; 40 per cent for the non-pruned, 
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Fig. 2B. The influence of the type of pruning on the number of normal berries 
set to a bunch on Muscat of Alexandria. Cane pruning, part crop (115 normal 
berries to a bunch). (Entire crop from one average vine.) 


pari crop; and 36 per cent for the half-long and cane pruned, part 
crop vines. For Hunisa the increase has been very marked, being 230 
per cent for half -long pruned, part crop and 590 per cent for the 
cane pruned, part crop vines. (Fig. 3 A and B.) 
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The severe pruning in the case of these varieties also reduced the 
percentage of normal berries considerably. With the Muscat of 
Alexandria, the reduction was 18 per cent and with Hunisa, 75 per 
cent. 



Fig. 3A. The i^uence of the type of pruning on the set of normal berries on 
Hunisa. Normal pruning (10 per cent of berries normal). (Entire crop from 
one^average vine.) 
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In the other varieties which set very few small seedless (shot) 
berries, the increase in the percentage of normal berries has been 
relatively small. It has ranged from 3.4 to 17 per cent for the half- 
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rig. 3B. ' The influence of the type of pruning on the set of normal berries on 
Hunisa. Cane pruningt pari crop (82 per cent of berries normal). (Entire* crop 
from one average vine.) 

long and cane pruned, part crop vines. In these varieties the more 
severe pruning also had little influence on the percentages of normal 
berries. 
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TABLE 4 

Th» Influence of Pruning on the Percentage of Normal Berries to a Bunch 


Variety 

Year 

Types of pruning — and percentage of normal berriM to a bunch 

Severe 

Normal 

Half> 
long, 
part crop 

Cane, 

part 

crop 

Non- 
pruned, 1 
part crop 

Non- 
pruned, 
all crop 

Muscat of Alexandria 

1924 

47 

68 

93 


95 

78 

Muscat of Alexandria 

1925 

65 

69 


94 

96 

93 

Hunisa 

1925 

2.5 

10 

33 

59 



Muscat gigas 

1925 

81 

83 

97 

95 



Henab 

1925 

96 

93 

97 

97 



Molinera 

1925 

77 

85 

91 

92 



Malaga 

! 1925 

86 

86 

89 

92 


1 

Emperor 

1925 

83 

85 

91 

93 



Ohanez 

1925 

75 

88 

91 

91 










* 


DISCUSSION 

The great differences in the germinability of pollen and in the 
set and in the percentage of normal berries as a result of the less 
severe pruning indicates that the quality of one or both of the flower 
parts is improved. For the male part of the flower, the improvement 
is rather conclusively shown by the increase in the percentage of 
germination of the pollen. The increase in the number and the 
percentage of normal berries to a bunch indicates that the female 
part of the flower also is improved. In the Muscat of Alexandria, 
Muscat gigas, and Molinera, where the pollen germination on the 
normally pruned vines was 8, 7, and 16 per cent, respectively, an 
influence on the female part of the flower may be questioned, since 
the poor quality of pollen alone may have been sufiScient to limit the 
set of normal berries very considerably. The increase in the set of 
normal berries under the less severe pruning might then, for these 
varieties, be entirely a result of the great increase in the germinability 
of pollen. This could hardly be the case, however, in such varieties as 
Henab, Malaga, and Emperor where the pollen from the normally 
pruned vines gave a germination of 25 per cent or more. 

The improvement in the female part of the flowers is further 
indicated by the results of pollination tests on the normally pruned 
Muscat of Alexandria vines. In these tests twenty bunches on the 
normally pruned vines were dusted each day with pollen of the 
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non-pruned, part crop vines until all of the calyptera were off. The 
influence of the pollen of greater germinability on the set of normal 
berries on the pollinated as compared to the non-pollinated bunches 
on the normally pruned vines and to the non-pollinated bunches on 
the cane and nonpruned, part crop vines is shown in table 5. 

TABLE 5 

The Influence op Pollination with Pollen or the Non-Prunei>, Part Crop 
Vines on the Set or Normal Berries Under Normal Pruning as 
Compared to the Set or Normal Berries on the Cane 
AND Non-Pruned Part Crop Vines 


Normal berries 


Types of pruning and the pollination treatments 


Normally pruned 


Not pollinated Pollinated 


Cane pruned. 

part crop, 
not pollinated 


Non-pruned, 
part crop, 
not pollinated 


Number to a bunch 

Per cent of total berries 

Increase in number as a result 
of— 

1. Pollination 

2. Less severe pruning 

Increase in percentage as a| 

result of — 

1. Pollination 

2. Less severe pruning. .. 


34dbl.4 

69 


68 ± 6.1 

76 


100 


115=b3.5 

94 


238 


10 


36 


140±2.4 

96 


31? 


These data show an increase in both the number and percentage 
of normal berries to a bunch on the pollinated when compared to the 
non-pollinated bunches on the normally pruned vines. This increase 
as a result of pollination, however, has not been so great as that 
following less severe pruning. 

The question now arises — How do less severe pruning and non- 
pruning improve the germination of the pollen and the set of berries ? 
Or, on the other hand — Why do normal and severe pruning tend to 
reduce the germination of pollen and the set of normal berries? The 
answer to these questions is, no doubt, bound up with the nutrition 
of the flower buds from the time of their differentiation until or 
even after blooming. Hilgard® believed that the failure of Muscat 
of Alexandria to set normal berries was due to a lack of proper soil 
fertility. The fertilizers which he recommended for the amelioration 
of the trouble, however, were ineffective. Miiller-Thurgau* (1883) 
and Merjanian^ (1919) state that the poor nourishment of the flowers 
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is the chief cause of couture and of the setting of shot berries. Muller 
observed that in cold cloudy weather, which favors the tendency to 
coulure, the elaboration in the leaves and the transport of organic 
substances to the flowers was limited. This limiting of the food supply 
to the flowers was especially noticeable when there were a considerable 
number of rapidly growing shoots on the vine. Both of these workers 
succeeded in moderating the tendency to coulure and Millerandage 
by pinching and ringing. Pinching, according to Bioletti,® however, 
is weakening to such an extent that after one or two years of its 
practice, production falls off. Sartorius® states that the stage of 
development of the embryonic flowers in the fruit bud at the time 
growth begins in spring greatly influences their bloom, set, and later 
development. He^® has shown also that the poor development of pollen 
in cold weather may play a considerable role in the dropping of 
flowers. In deciduous trees it has been stated by Dorsey* that the 
vigorous spurs set in greater number than weak ones, probably "because 
of their larger supply of stored food and because of their greater 
ability to compete for water and other food substances. 

The data of table 6 and figure 4 seem to indicate that the number 
of leaves on a vine, especially during the early part of the season, 
as influenced by pruning, may be responsible for the difference in the 
germinability of its pollen and the set of its berries. For the five 
varieties these figures show an average increase in the number of 
leaves to a vine over that for the normally pruned vines of 75 per 
cent for the half dong pruned, part crop, and 139 per cent for the 
cane pruned, part crop vines. Then, too, as illustrated by the graphs 
of figure 4, the non-pruned vines had produced more leaves at the 
time of the first count, on May 15th, two weeks before blossoming, 
than the normally or severely pruned vines produced during the entire 
growing season. The rate of increase in the number of leaves for 
the remainder of the season was also greater for the non-pruned than 
for the NormUlly or severely pruned vines. The graphs of figure 4 
show also that the slight decrease in the weight of the individual 
leaves produced by the non-pruned vines was of little importance 
compared to the great increase in the number of leaves. 

The influence of the number of leaves at or near the time of bloom- 
ing on the germination of pollen and the set of normal berries is 
further indicated by the ratios shown in table 7. 

In view of the data it appears probable that the increase in the 
number of leaves as a result of less severe or no pruning has resulted 
in a better nutrition of the flower buds. This better nourishment has 
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TABLE 6 

The Numbee op Leaves to a Vine at ob Near the Time op Bloom Under the 
Dipperent Types op Pruning 


Variety 

Berinning 
of bloom 

Full bloom 

Time of 
leaf counts 

Types of pruning— and number 
of leaves 

Severe 

Normal 

Half- 

long, 

part 

crop 

Cane, 

part 

crop 

Muscat of Alexandria 

May 17 

May 25-28 

May 5 

34 

89 


470 




June 24 

545 

773 


1724 

Muscat gigas 

May 13 

May 19-23 

May 5 

101 

147 

277 

489 




June 23 

315 

436 

703 

971 

Hunisa 

May 18 

May 25-28 

May 7 

147 

179 

517 

651 




June 20 

891 

1134 

1437 

1897 

Ohanez 

May 12 

May 20-24 

May 14 

467 

476 

864 

1057 

Dizmar 

May 13 

May 21-25 

May 15 

258 

353 

756 

1125 
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Fig. 4. The number and weight of leaves on a vine at several dates during 
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given rise to stronger flower parts which, in turn, has resulted in the 
production of pollen of greater germinability and an increase in the 
set of normal berries. This relation of the number of leaves to the 
improvement in set of berries is further substantiated by the fact 
that the second crop, the bloom for which develops in mid-season 
when the vine is in full leaf, usually sets normal berries, however 
prone the variety may be to set shot berries in the primary crop. 

TABLE 7 

Thb Eatios op Increase in the Number op Leaves to the Increase in the 
Germination op Pollen and to the Increase in the Set op Normal 
Berries for the Normal, Half-Long, and Cane Pruned 
Over the Severei-y Pruned Vines 


Ratios 

Normally 

pruned 

Half long- 
pruned, 
part crop 

Cane pruned, 
part crop 

Leaves/berries 

6.5 

6.7 

7.2 

Leaves/germination of pollen 

42.8 

44.7 

42.6 



The results of other investigators indicate also that the number 
of leaves at or near the time of blooming influences the set of fruits. 
Muller-Thurgau® and Sartor ius^® were able to induce couture by the 
removal of the large leaves. Then, too, if they pinched the tip of the 
shoot, thus stopping elongation and reducing the keenness of the 
competition of the flowers for food substances, the tendency to couture 
was moderated. Sorauer^^ states that ‘‘if the wood is thinned too 
much, i.e., too many leaf branches are cut away in order to furnish 
light for the blossoms and young fruit, the buds, blossoms and young 
fruit may be dropped.'^ In work with apples Haller and Magness® 
have found that the number of fruits dropping decreased with an 
increase in the leaf area per fruit until a certain leaf area was 
attained. 
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SUMMARY 

Less severe pruning increases germinabUity of pollen: 

When the pollen of the normally pruned vines is taken as a stand- 
ard, the germinability of the pollen of the half dong pruned^ part crop 
vines was increased from 38 to 277 per cent, that of the cane pruned, 
part crop vines, from 44 to 606 per cent ; that of the non-pruned, part 
crop vines, 219 to 606 per cent ; and that of the non-pruned, all crop 
vines, 117 to 576 per cent. 

Severe pruning resulted in decreased germinability of the pollen 
in most of the tests. 

Less severe pruning increases set of normal berries: 

In Muscat of Alexandria, Muscat gigas, and Hunisa which are 
very subject to coulure, the increase in the set of normal berries to 
a bunch over that of the normally pruned vines was 114, 220, and 407 
per cent for the halfdong pruned, part crop and 238, 320, and 728 
for the cane pruned, part crop vines, respectively. The increase in 
Muscat of Alexandria for the non-pruned, part crop vines was 266 
per cent and for the non-pruned, all crop vines was 62 per cent. 

In the other varieties — Molinera, Henab, Emperor, Malaga and 
Ohanez — which are little affected by coulure, the increase in the set 
of normal berries to a bunch ranged from 19 to 112 per cent for the 
half dong pruned, part crop and from 20 to 115 per cent for the 
cane pruned, part crop vines. 

The set of normal berries on the severely pruned has been less 
than that on the normally pruned vines in six of the eight varieties 
tested. 

Less severe pruning increases percentage of normal berries to a bunch: 

In Muscat of Alexandria and Ilunisa varieties, which are very 
subject to millerandage, the percentage of normal berries to a bunch 
was increased 36 and 230 per cent, respectively, on the half dong 
pruned, part crop vines, and 36 and 590 per cent, respectively, on 
the cane pruned, part crop vines. Similar increases were obtained 
under the types of no pruning with the Muscat of Alexandria. 

In the other varieties, which usually set very few small seedless 
berries, tlie increase in the percentage of normal berries to a bunch 
ranged from 3.4 to 17 per cent for the half dong and cane pruned, part 
crop vines over that of the normally pruned vines. 

Severe pruning has reduced the percentage of normal berries 
below that of the normally pruned vines in six of the eight varieties 
tested. 
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Flower parts are prohably improved under less severe types of 
pruning: 

The increased germinability of pollen, the set of normal berries, 
and the percentage of normal berries to a bunch, together with the 
pollination tests, indicate that both the male and female parts of the 
flowers are improved by the less severe pruning. 

The improvement in the flower parts appears to follow as a result 
of an earlier development of the foliage and an increase in its area 
with less severe pruning. 
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INTRODUCTION 

The relation of water to plant growth is of especial interest to 
growers of deciduous fruits. Consideration of the relative losses of 
moisture from irrigated soils by evaporation or transpiration through 
plants and by means of surface evaporation from the soil is becoming 
increasingly important. This is especially true in many of the 
deciduous fruit areas of California, where the cost of irrigation is 
one of the main items of expense in orchard management. The 
orchardist growing fruit in an arid or semi-arid region, where irri- 
gation is necessary^ supposedly has an advantage over the grower 
of similar fruit in a humid area, because the supply of moisture in 
the soil can be controlled to a greater extent. Therefore, it is im- 
portant to consider the effect of different degrees of soil moisture 
on the use of water by trees, and the effect of such differences on 
the kind of fruit produced. 

A portion of the California deciduous fruit orchards have been 
planted in localities where dependence has been placed upon rainfall 
only. However that irrigation is necessary in many sections of Cali- 
fornia for the best production of horticultural crops is a fact now 
coming into recognition. In many of these areas, previously unirri- 
gated, gravity water is not available and recourse must be had to 

* Assistant Professor of Irrigation Investigations and Practice, Associate 
Irrigation Engineer in Experiment Station. 
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pumping from underground supplies. The orchard land awaiting 
development in California is generally the higher land of the valleys 
and the adjacent foothill areas. Here, as well as in the pumping 
areas, water for irrigation is relatively limited. Proper use of the 
available supply is therefore of vital importance. The older irrigated 
fruit sections are also confronted with many problems in the use of 
water. In these sections, the too lavish use of water has probably 
been the contributing cause of many troubles. 

Because of the wide variations in soils in the different deciduous 
fruit areas of the State and of the extreme differences in topography, 
irrigation methods must, and do, vary widely. In the citrus groves 
of the State, irrigation practice has followed certain arbitrary rules. 
Deciduous orchard irrigation practice, on the other hand, has no 
semblance of uniformity. Very little definite information is available 
concerning the efScacy of different practices, especially as to the 
frequency of irrigation and the amount of water to apply. However, 
it is not the purpose of the present report to deal directly with 
methods or practices in deciduous orchard irrigation, but to discuss 
the results of certain experiments, which, it is believed, will afford a 
better understanding of their problems. 

The experiments fall into four classes and will be discussed in the 
following order: first, observational data obtained from commercial 
orchards in the Santa Clara Valley, together with records of moisture 
conditions in these orchards for a period of four years ; second, data 
obtained from a small block of trees at the Branch of the College 
of Agriculture, University of California, at Dayis; third, studies of 
the behavior of young trees in potometers or tanks under controlled 
conditions; and fourth, a comparison of the losses of moisture by 
evaporation and through transpiration from the same soils, and 
studies of losses of moisture by# evaporation from the soil in tanks and 
from field plots. The latter studies were supplemented by some 
experiments on the movement of soil moisture. 

Briefly stated then, this report has for its purpose the presentation 
of certain data relating to soil moisture conditions prevalent in com- 
mercial orchards, with an attempt to analyze causes resulting in losses 
of moisture from irrigated soils. 

Studies covering water relations of plants, the movement of 
moisture through the soil, the losses of moisture from soils, and the 
.control of soil moisture by tillage, probably constitute the bulk of 
agricultural literature. They are so numerous that only brief mention 
of pertinent matter can be made in the order of the discussion in this 
report. 
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SECTION I 


IRRIGATION STUDIES IN SANTA CLARA VALLEY 
PRUNE ORCHARDS 


The Santa Clara Valley of California is one of the oldest and best 
established deciduous fruit areas of the State. The principal fruit 
crop is prunes, and for this reason, prune orchards were selected for 
study. Early in the spring of 1919, a system of soil sampling was 
begun in a number of mature prune orchards in this valley, in order 
to study the moisture behavior in response to different irrigation 
practices. 

At present, practically all orchards for w^hich a water supply is 
available are irrigated. The census of 1910 reports Santa Clara 
County with an irrigated acreage of 37,637, and the 1920 census 
reports 71,274 acres, an increase of 89.4 per cent. The mean annual 
rainfall at San Jose, as computed in 1922, is 16.79 inches, an amount 
sufficient, on certain types of soil, to produce profitable crops of fruit 
without irrigation. The fact that trees will not always be permanently 
injured if irrigation is withheld affords excellent opportunity to study 
the behavior of trees and the variation of soil moisture through long 
periods during the growing season, without the necessity of replen- 
ishing the moisture supply in order to keep the trees alive. 

The rainfall during each of the four years, 1919 to 1922, during 
which the Santa Clara Valley orchards were under observation, was 
less than normal. The precipitation at San Jose during 1919 was 
11.98 inches. That of 1920 was 8.5 inches; of 1921, 14.59 inches; and 
of 1922, 16.49 inches. Most of the rain fell during the period from 
November to March. The amount during the growing season was 
insignificant. At times during the summer the temperature exceeded 
90 degrees Fahrenheit and occasionally temperatures higher than 100 
degrees were recorded. Complete climatological records taken at 
San Jose can be obtained from the annual summaries published by 
the United States Weather Bureau. 
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Orchards Selected for Observation 

A careful canvass of the valley was made and certain mature 
prune orchards were selected for observation. These orchards, which 
are comparable as to age and condition, are all located in the central 
portion of the valley, between San Jose and Saratoga, within about 
two miles of each other. They are all on a type of soil classed in the 
soil survey as Yolo clay loam, and locally known as sediment soil, which 
is considered best for fruit. The orchards which have been selected 
from among those under observation, and for which data are pre- 
sented in this bulletin, are listed in table 1. The yields of fruit from 
some of these orchards had to be ascertained from larger acreages 
than were intensively sampled to obtain the records of the moisture 
conditions. In every case, how^ever, the larger acreage received the 
same irrigation treatment as that in which intensive sampling was 
done. Sampling was restricted to the smaller acreages in each case 
because of the difficulty of adequately sampling the larger areas. 

The number of producing, young non-bearing, and inferior trees, 
the blank spaces, and odd varieties are listed in table 1. This was the 
condition of each orchard at the end of the growing season of 1919. 


TABLE 1 

Saijta Clara Valley Prune Orchards and the Condition of Trees at the 
End of the Growing Season, 3919 


Orchard 

Root stock 

Date 

of 

plants 

ing 

Acreage intensively 
sampled for mois* 
ture determinations 

Acreage from which 
fruit yields were 
obtained 

Good producing 
prune trees 

Inferior mature 
prune trees 

a 

If 

Vacant spaces in 
orchard 

Trees other than 
prune trees 

1 

Almond 

1895 

15.5 

15.5 

1251 

113 

132 


48 

2 

Peach 

1892 

9 

14 

924 

5 

27 


27 

3 

Almond 

1895 

10 






10 

4 

Myrobalan 

1893 

9 

19 

645 

2 

14 


14 

5 

Almond 

1898 

10 


658 


41 


24 


Almond. 

1896 

21 

25 


74 

63 

68 

14 


* 80 treat were removed from this orchard at the end of the growing season, 1010. 
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Orchard No. 1 was selected as a*typical unirrigated orchard in 
the Santa Clara Valley. It had not been irrigated since 1912, and 
before this time had received only light applications of water at 
infrequent intervals. The condition of the orchard, as indicated by 
the number of replants, vacant places, and inferior trees, is indicative 
of injury which may be partly attributed to drought. 

Orchard No. 2 was selected as an example of a winter irrigated 
orchard. The irrigation treatment in this orchard has not varied for 
many years. It has always been irrigated during the dormant season 
if water was available, but never during the summer. 

At the time the observations started, orchard No. 3 was essentially 
a non-irrigated orchard. Water was applied once in 1917, for the 
first time in seven years, but not in 1918. It was understood when 
observations were started that orchards No. 1 and No. 3 were not 
to be irrigated. The owners of these orchards declared they did not 
believe irrigation was beneficial. However, as will be seen, these 
orchards were irrigated after the season of 1919. 

Orchards No. 4 and No. 5, which are adjacent, were selected as 
typical irrigated orchards. Orchard No. 4, previous to 1919, usually 
received one summer irrigation. Subsequently, however, it received 
two or three applications of water each year. Orchard No. 5, before 
1919, had been irrigated at least twice each summer, which was sub- 
stantially the same practice during the following four years. 

Orchard No. 6, up to the year 1917, had been irrigated during the 
dormant season with gravity water. After the season of 1917, the 
orchard was summer-irrigated and when it was selected in 1919 it 
was thought to be a well-irrigated orchard. 

Cultural Methods in the Orchards 

There were no essential differences in the handling of the trees 
in the different orchards, with the exception of cultivation and irri- 
gation. Orchard No. 4 was pruned more heavily in the winter of 
1920 than any of the other orchards, but in the other years the 
amount of pruning was substantially the same in all of the orchards. 
The spray treatments for brown apricot scale and red spider were 
likewise about the same in each orchard. However, it was observed 
that orchard No. 5 apparently had more brown apricot scale in the 
fall of 1922, than any of the others. 

On five acres of orchard No. 4, 26 tons of chicken manure were 
applied in October, 1920. This orchard also received an application 
of 2 tons of sugar beet lime to the acre during January, 1921. Forty 
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trees in orchard No. 6 received an application or sodinin nitrate in 
February, 1920. No other fertilizer was added during the period 
of observation. 

Cover crops were planted in the fall of each year in each orchard. 
Sweet clover (MelUotus indica) was' usually planted, and if the fall 
irrigation was late, barley was planted with it. In some orchards, 
owing to the impracticability of planting sweet clover early enough, 
vetch was used in its place. There were no appreciable diiferences 
in the dates of plowing and disking under of the cover crops in the 
spring of each year. The dates of plowing and disking in the spring 
for the four years did not materially vary, the earliest date of plowing 
having been March 25 and the latest date, April 18. 

The management of the soil varied markedly in the different 
orchards. Orchard No. 1 was plowed, disked and harrowed in the 
spring of 1919. It received one cultivation, and the soil was smoothed 
down before the prunes dropped. In 1920, the orchard was not 
plowed, but was disked and harrowed just after the irrigation in 
April, and received one cultivation and smoothing in June. It was 
disked and harrowed again after the irrigation in October, 1920. It 
was plowed in April, 1921; and after the irrigation in May, it was 
disked and harrowed. This orchard received little cultivation other 
than that necessary to destroy the cover crop, and to prepare the 
land before and after irrigation. 

Orchard No. 2 was the most frequently cultivated of any orchards 
observed in the Santa Clara Valley. This practice had not varied for 
many years. After plowing in the spring, the orchard was cultivated 
at intervals, usually not exceeding 10 days, until the props were placed 
under the trees and the prunes began to fall. Immediately after the 
crop was removed, cultivations were again started and continued until 
the cover crops were planted. The condition of the soil and of 
the trees is illustrated in figure 1. This photograph was taken on 
October 4, 1920, and may be compared with figure 2, which was 
taken in orchard No. 5 on November 1, 1920. The excellent con- 
dition of the trees in orchard No. 2, as indicated by the scarcity of 
replants and inferior trees and the absence of vacant spaces, is proof 
of the extreme care the owner has bestowed upon them in every way 
including cultivation. There were no vacant spaces and only five 
inferior trees in the 14 acres comprising orchard No. 2. The odd 
varieties were planted around the dwelling, and the replants were 
made necessary by the construction of a railroad along one side of 
the orchard. 
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Fig. 1. Orchard No. 2 on October 4, 1920, showing condition of soil 

and trees. 



Pig.- 2. Orchard No. 6 on November 1, 1920, 
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Orchard No. 3 was poorly cared for up to 1920. The poor con- 
dition of the trees indicated the lack of attention for four or five 
preceding years. This and orchard No. 1 were selected as examples 
of non-irrigated orchards. They had not been irrigated for a number 
of years. They were typical of non-irrigated orchards in this location, 
and showed the effect of drought. Orchard No. 3 was not properly 
plowed in the spring of 1919. The strips between the trees in the 
direction of plowing were not disturbed. Later in the season of 
1919, an attempt was made to cultivate the orchard and destroy the 
weeds growing in these areas, but the soil was too dry to be disked. 
During 1920, 1921, and 1922, the management of orchard No. 3 was 
entirely changed. The orchard was thoroughly plowed each spring 
and was cultivated at intervals of a week or ten days until the prunes 
began to drop. 

Orchards Nos. 4, 5, and 6 were given practically the san\e soil 
management. The practice was to plow in the spring, usually early 
in April, and then double disk both ways. In one or two instances 
the soil was harrowed with a spike-tooth harrow. Before irrigation, 
levees which formed the basins around each tree were thrown up 
with a disk, and a supply ditch was constructed. Following irriga- 
tion, the levees were leveled with a disk, and the soil disked both 
ways. Whenever the irrigation was the last one before the crop 
ripened, the soil was smoothed off with a drag to receive the falling 
prunes. These orchards were not cultivated if there were no weeds. 


Irrigation op the Orchards 

The total amounts of water applied by irrigation, the size of the 
stream used in irrigation, the total number of hours, the average 
depth of penetration of the water applied, and the cost of the water 
is given in table 2. 

Orchard No. 2 was irrigated with gravity water, while all the 
others were irrigated with water pumped from wells. In every case, 
the depth of water in the wells was in excess of 100 feet, the average 
pumping lift being about 135 feet. The cost of water under this 
condition is necessarily high. On some of the other orchards which 
were under observation, but which are not listed here, the costs 
for water were even higher than those recorded in table 2. In one 
instance, water which cost $103.85 an acre foot, was purchased for 
the irrigation of 25 acres. It is obvious, therefore, that economical 
use of water is of great importance in this locality. 
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TABLE 2 

Auount or iRitroATiON Water Applied to the Santa Clara Prune Orchards, 
WITH Costs or the Water and Average Depths op Penetration 


Orchard No. 1 


Year 

Dates of irrigation 

Hours to 
the acre 

Size of 
stream, 
gallons, 
per 

minute 

Depth of 
water 
applied 
in inches 
per acre 

Average 
depth of 
penetra- 
tion 
in feet 

Cost of 
water for 
each 
acre in 
dollars 

Cost of 
water for 
each acre- 
foot in 
dollars 

Begun 

Finished 

1920 

Apr. 17 

Apr. 

24 

7.55 

225 

4.01 

5.0 

11.32 

33.86 


Sept. 28 

Oct. 

2 

3.42 

455 

3.45 

2.0 

8.55 

29.70 

1921 

May 6 

May 

11 

6.32 

476 

6.62 

10.5 

15.80 

28.55 


Nov. 11 

Nov. 

14 

4.65 

455 

4.65 

4.5 

11.62 

29.95 


Orchard No. 2 


1919 

Feb. 

28 

Mar. 

2 

2.66 

2000 

12.00 

12.0 

2.22 

2.22 


Mar. 

22 

Mar. 

24 

2.66 

2000 

12.00 

9.0 

2.22 

2.22 

1921 

Feb. 

19 

Feb. 

21 

8.00 

1500 

14.15 

10.0 

6.66 

5.66 

1922 

Feb. 

14 

Feb. 

16 

2.66 

2000 

12.00 

12.0 

2.22 

2.22 


Orchard No. 3 


1919 

Nov. 

23 

Dec. 

2 

m 

156 

3.68 


16.05 

52.28 

1920 

Apr. 

30 

May 

5 

IB 

130 

2.88 


15.00 

62.50 


June 

20 

June 

23 

WBM 

468 

3.62 

6.5 

7.88 

26.07 


Oct. 

20 

Oct. 

24 

4.25 

431 

4.50 

6.5 


22.65 

1921 

May 

21 

May 

24 


314 




25.95 


Oct. 

14 

Oct. 

17 






26.87 

1922 

May 

15 

May 

18 



6.36 


14.35 

25.19 


Oct. 

16 

Oct. 

20 


320 

5.10 

4.5 


25.39 


Orchard No. 4 


1919 

May 

27 

June 

3 

15.75 

242 

7.73 

9.0 

23.63 

36.70 


Nov. 

21 

Nov. 

29 

8.22 

314 

5.70 

i 

12.33 

25.93 

1920 

May 


May 

24 

11.44 

200 

5.08 


17.16 

36.50 


June 

15 

June 

19 

5.11 

432 

4.88 

12.0 

10.22 

22.60 


Nov. 

1 

Nov. 

6 

5.11 

431 

4.87 

5.0 

10.22 

22.60 

1921 

May 

20 

May 

24 

5.55 

391 

4.79 

12.0 

12.50 

28.19 


Oct. 

6 

Oct. 

9 

5.55 

337 

4.13 

2.5 

8.33 

21.80 

1922 

Apr. 

26 

May 

2 

10.00 

321 

7.06 

12.0 

15.00 

25.52 


June 

6 

June 

12 

7.78 

323 

5.56 

12.0 

11.66 

22.70 


Oct. 

10 

Oct. 

14 

7.22 

315 

5.00 

3.0 

10.83 

25.60 





















134 


EUgardia 


[Vo1.2,Nq*6 


TABLE 2 — ( Continued ) 


Orchard No. 5 


Year 

Dates of irrigation 

Hours to 
the acre 

Site of 
strefim, 
gallons 
per 

minute 

Depth of 
water 
applied 
in inches 
per acre 

Average 
depth of 
penetra- 
tion 
in feet 

Cost of 
water for 
each 
acre in 
dollars 

Cost of 
water for 
each acre- 
foot in 
dollars 

Begun 

Finished 

1919 

June 9 

June 

15 

18.6 

165 


12.0 

27.90 

49.46 

1920 

Mar. 19 

Mar. 

25 

14.65 

341 


9.0 

29.30 

31.68 


Sept. 18 

Sept. 

20 

4.70 

431 


4.0 

9.40 

22.53 

1921 

May 20 

June 

2 

7.00 

391 

6.01 

8.0 

15.75 

31.50 


Sept. 25 

Sept. 

28 

6.95 

425 

6.52 

3.0 

15.64 

28.79 

1922 

May 29 

June 

5 

8.00 

444 

7.82 

11.0 

16.00 

24.53 


Oct. 11 

Oct. 

16 

9.00 

372 

7.38 

4.5 

18.00 

29.25 

9 - 


Orchard No. 6 


1919 

May 

2 

May 

11 

8.38 

320 

5.92 

6.0 

12.57 

25.57 


June 

13 

June 

18 

6.97 

303 

4.34 

3.5 

9.84 

26.85 


Oct. 

4 

Oct. 

14 

6.28 

303 

4.20 

3.5 

9.43 

26.85 

1920 

Feb. 

14 

Feb. 

23 

7.42 

341 

4.97 

4.5 

11.14 

26.90 


May 

6 

May 

15 

10.00 

223 

4.99 

6.0 

14.99 

36.09 


Sept. 

20 

Sept. 

25 

5.43 

355 

4.25 

3.5 

9.50 

26.82 

1921 

Apr. 

29 

May 

6 

6.28 

373 

5.17 

6.0 

11.00 

25.55 


Sept. 

30 

Oct. 

6 

8.05 

320 

5.58 

3.5 

14.08 

30.40 

1922 

May 

29 

June 

17 

9.38 

321 

6.62 

. 9.0 

16.89 

30.40 


Sept. 

25 

Oct. 

9 

7.76 

337 

5.77 

4.5 

13.58 

28.29 


All irrigation was applied by the basin method. The same amount 
of water was given to each tree, insuring a very uniform distribution 
of moisture in the soil. The evenness of the application is illustrated 
in figure 3, which was taken during the irrigation of orchard No. 4, 
from November 1 to November 6, 1920. The water applied was 
measured by means of weirs placed in the main delivery ditches, or 
at the outlets of concrete pipe delivery stands. 


Yields of Fruit from the Santa Clara Orchards 

The yields of fruit from the orchards are reported in table 3. The 
fresh and dried fruit yields, the pounds of fresh fruit required to 
make one pound of dried fruit, the average size of dried prunes. 
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which were calculated from the weight of fruit as graded at the 
packing house, the yield to the acre, and the yield to the tree are 
given. The acreage upon which the yields to the acre are based is 
the total acres in the orchard. The number and the condition of the 
trees were noted each year. The record of the condition of the 
orchards at the end of the 1919 season is given in table 1. The 
inferior trees were carefully noted, and in the final count of the 
number of trees upon which to base the yield to the tree, these were 



Fig. 3. Irrigation of orchard No. 4, November 1, 1920. The same amount 
of water is applied in basins around each tree, insuring a miiform distribution 
of moisture. 


grouped so that a certain number of inferior trees were taken to be 
equivalent to one good tree. The estimated yield to the tree, or the 
yield to 75 trees, the usual number to the acre when planted 24 feet 
apart, probably will afford a better basis for comparison than the 
yield to the acre. The trees in orchard No. 1 were planted 20 feet 
apart. In all of the other orchards the trees were spaced 24 feet 
apart. The fruit from orchard No. 1, for the years 1921 and 1922, 
was mixed with that from another orchard. Therefore the yields are 
not recorded for these years. 



Yields op Fetiit, from the Santa Olara Valley Prune Orchards, por 1919, 1920, 1921, and 1922 
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Analyses op Fresh Fruit prom the Santa Clara Orchards 

Samples to determine the sugar content of the fresh prunes were 
taken from each orchard. Since the number of samples and the 
amount of fruit which could be analyzed were limited, only one 
sample, of about five pounds of prunes from each orchard, was selected 
each year. The fruits comprising the sample were picked up in a 
systematic manner in each orchard. The locations from which the 
fruits were taken were numerous enough to be representative of the 
entire orchard. Sound fruits only were selected, and these were 
picked up from beneath normally producing trees. The prunes were 
forwarded to the laboratory in wooden cartons and immediately 
placed in freezing storage until analysis was begun. In some cases 
analyses were made immediately; in others, the fruit was placed in 
cans, sealed, and sterilized, the analytical work being done at a later 
date. The analyses* of the fresh prunes from the different orchards 
for each of the four years are given in table 4. 

The value is, in each case, the average of duplicate portions which 
agreed closely. The percentages of sugar listed in the table are the 
percentages of total sugar in the flesh as invert sugar after inversion. 

The results obtained from the analyses of fruits for the season of 
1919, 1920, and 1921 seem to be fairly uniform. Prunes from orchard 
No. 5, collected in 1919, seemed to have a greater percentage of sugar 
in the flesh, calculated on a dry or water-free basis, than prunes from 
the other orchards. The sugar content of the prunes of 1921, from 
orchard No. 2, seemed to be low. The 1922 analyses show greater 
differences in the sugar content. 

These differences may be due to unavoidable errors in sampling. 
Not enough samples were analyzed to determine the variability due 
to this cause. The difficulty of selecting a representative sample in 
the field may be so great that errors are introduced. Denny^® has 
shown the variation in results obtained in the analyses of 51 fruits 
taken from one tree, and his work suggests that large numbers of 
samples must be taken to give assurance that the differences observed 
are not due to random sampling. 

However, it is clear that the differences found in these analyses 
can not be attributed entirely to the effect of irrigation. The sugar 
content of the fruit from orchards with low soil moisture during the 
growing season, in which are included orchards Nos. 1, 2, and 3, 

* The analyses of the samples for the years 1919, 1920 and 1921 were made 
by Prof. A. W. Cliristie, and the 1922 analyses were made by Mr. H. Goss, of the 
University of California* 
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averaged 70.4 per cent for 1919, 65.6 per cent for 1920, and 66.0 per 
cent for 1921; while orchards 4, 5, and 6, in which the soil-moisture 
supply usually was greater, averaged 72.3 per cent, 66.0 per cent, and 
67.0 per cent for these years. ' The differences in these values are no 
greater than those Denny-® suggests might be due to random sampling. 

TABLE 4 

Analyses of Fresh Prunes from the Santa Clara Orchards 


’ Orchard 
No. 

Dates samples 
collected 

Pit. 

percentage 
of total 
weight 

Flesh, 
percentage 
of total 
weight 

Water 
in flesh 

Sugar 
in flesh 

Sugar in 
flesh on dry 
basis 

1 

Sept. 2, 1919 

9.4 

90.6 

Per cent 

67.6 

Per cent 

23.0 

Per cent 

71.0 

2 

Sept. 2, 1919 

9.9 

90.1 

68.7 

21.8 

69.3 

3 

Sept. 2, 1919 

9.4 

90.6 

66.8 

23.5 

70.8 

4 

Sept. 2, 1919 

9.1 

90.9 

69.6 

21.8 

71.7 

5 

Sept. 2, 1919 

8.5 

91.5 

71.1 

21.9 

75.8 

6 

Sept. 2, 1919 

6.9 

93.1 

70.3 

20.9 

70.4 

1 

Sept. 10, 1920 .. 

12.5 

87.5 

63.7 

23.4 

64.5 

2 

Sept. 10, 1920... 

9.6 

90.4 

65.0 

23.0 

65.7 

3 

Sept. 10, 1920. ... 

12.0 

88.0 

64.4 

23.7 

66.6 

4 

Sept. 10, 1920... 

12.3 

87.7 

66.1 

22.2 

65.5 

5 

Sept. 10, 1920... 

12.8 

87.2 

65.4 

22.4 

64.7 

6 

Sept. 10, 1920... 

12.3 

87.7 

63.6 

24.7 

67.9 

1 

Sept. 8, 1921 

9.9 

90.1 

66.45 

23.05 

68.7 

2 

Sept. 8, 1921 

10.8 

89.2 

64.5 

22.4 

62.95 

3 

Sept. 8, 1921 

11.0 

89.0 

66.1 

22.5 

66.25 

4 

Sept. 8, 1921 

10.9 

89.1 

63.95 

25.2 

69.9 

5 

Sept. 8, 1921 

9.9 

90.1 

66.7 

22.2 

66.6 

6 

Sept. 8, 1921 

11,2 

88.8 

66.0 

22.8 

66.9 

2 

Sept. 10, 1922... 

5.0 

95.0 

65.9 

17.8 

52.2 

3 

Sept. 10, 1922.... 

4.5 

95.5 

69.1 

15.6 

50.5 

4 

Sept. 10, 1922... 

4.5 

95.5 

64.9 

20.9 

59.6 

5 

Sept. 10, 1922... 

4.3 

95.7 

73.3 

18.6 

69.7 

6 

Sept. 10, 1922.... 

4.8 

95.2 

71.0 

17.2 

1 59.3 


There appears to be no consistency in the relation of irrigation 
to sugar content. When the percentages of sugar found are com- 
pared with the soil-moisture history of the corresponding orchards, 
it will be seen that in some y«ars the orchards which had the greatest 
amount of moisture in the soil had the most sugar in the fruit; but 
in other years, orchards with less moisture in the soil had the most 
sugar in the fruit. 
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Soil-Moistubb Conditions in the Santa Clara Orchards 

Before the routine system of soil sampling was inaugurated, a 
thorough soil survey was made of the orchards. Places where 
variations in the upper six feet of soil occurred were recorded. The 
places where the samples were to be taken were then decided upon 
in relation to these variations in soil in order that they might be 
representative. At least six places were selected for sampling in each 
orchard. 

Since the variations in the results obtained in sampling orchard 
soils for moisture content are so great, it is believed that samples 
taken at random in an orchard will not give comparable results, even 
though a large number be taken. It was found that comparable 
results could be obtained, however, if the samplings were confined 
to definite places in the orchards, such locations being representative 
of the entire area under observation. In all of the soil-moisture 
sampling reported herein, the samples were taken from the same 
places throughout the period of observation. The successive samples 
were not more than 6 or 8 inches from the previous ones at each 
location, and at the end of four years the final samples were not more 
than 3 or 4 feet from the place the first samples were taken. Since 
the application of water in all of the orchards was very uniform, little 
variation was found because of irregularities in the wetting of the 
soil. 

Trials with devices commonly used to take soil samples showed 
that the soil tube was the most satisfactory tool to use. Comparative 
tests between augers and the soil tube indicated that with the use of 
the latter, maximum amounts of moisture were found in the samples. 
These trials also. indicated that comparable results could be obtained 
only when all of the soil removed from the hole was used in making 
the moisture determination. Subdividing the sample usually resulted 
in inaccuracies. For these reasons all samples from the Santa Clara 
Valley orchards, and in fact all those used in these investigations 
after 1918, were taken with the soil tube. This tube had a drive 
point so shaped that the core of soil could be cut without compacting 
either the core itself or the soil ahead of the cutting point. 

Soil samples for moisture determinations were taken before and 
after each irrigation and usually at intervals of from two to three 
weeks during the summer months. 

A further source of error in making moisture determinations was 
found in the incompleteness of the drying of the samples. There was 
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a variation from day to day in weights of soil which supposedly had 
been thoroughly dried, but which were held in the oven with the 
expectation of reducing them to a constant weight. In all of the 
work reported herein, samples were repeatedly check-weighed until 
it was thought a minimum weight in drying had been obtained. All 
samples were dried in an electric oven which was regulated to operate 
between 105 and 110 degrees Centigrade. 

Moisture equivalent determinations were made on many of the 
samples. It was intended to record the moisture percentages as 
ratios of the moisture equivalent, or of any of its related soil-moisture 
constants. However, wide variations were found in the moisture 
equivalent values when repeated determinations were made on the 
same sample of soil. Some of the causes of these variations have 
since been discussed by Veihmeyer, Israelsen, and Conrad.®^ These 
authors found that the value for the moisture equivalent is infhienced 
markedly by the amount of soil used in making the determination. 
Many of the earlier moisture equivalent determinations, in which the 
weight of soil used in making the determination varied appreciably 
from 30 grams, are not sufficiently accurate. A further variation, 
which was sufficient to affect the results when precision was desired, 
was noted in the value for the moisture equivalent when samples of 
the same soil were centrifuged at different times, although other 
conditions were apparently the same. Therefore, too strict an appli- 
cation of the moisture equivalent to the interpretation of soil-moisture 
da^ can not be made until the technique of the method is more 
thoroughly refined. Furthermore, Puri^® shows that the hygroscopic 
coefficient can not be satisfactorily determined even when the method 
is refined beyond that reasonably possible in routine determinations. 
It appears, then, that the hygroscopic coefficient can not be used as 
a satisfactory basis for the measurement of the available water in the 
soil. However, it must be mentioned that, in spite of the variations 
in moisture equivalent determinations and consequently in the wilt- 
ing coefficients which are calculated from them, there was a fairly 
close agreement between the calculated value and the moisture content 
of the soil at the time the trees so wilted that they did not recover 
until water was applied to the soil. 

The moisture equivalents listed in the following tables are the 
averages of numbers of determinations made on 30-gram samples of 
soils, which were taken from the several orchards at different times. 
The wilting coefficients and hygroscopic coefficients have been calcu- 
Iftted from these moisture equivalent determinations. 
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The percentages of moisture found in the six orchards at different 
times are graphically illustrated in figures 4 to 15. The average 
moisture content of the first 3 feet of soil and that of the second 3 feet 
are shown together with the average moisture content of the first 6 feet. 
The depth of water in inches applied by irrigation is shown in each 
case. The heights of the hatched rectangles indicate the total amount 
of water applied, and the widths of the rectangles, the time it took 
to apply the water. Rainfall is shown by the solid black rectangles. 
These show the total rainfall for each month and are placed in a 
position to indicate the principal dates on which rain fell during 
the month. 

Figures 4 and 5 show that for the years 1919, 1920, and 1921, the 
soil moisture of the upper 6 feet of soil in orchard No. 1 was reduced 
below the calculated wilting coelficient for at least two months during 
the growing season. During the season of 1919, the soil-moisture 
supply in this depth of soil was reduced below the wilting coeflScient 
about the first of July, and remained dry throughout the remainder 
of the season. There was no water taken out of the first 6 feet of 
soil after the middle of September. Apparently the limit of available 
moisture had been reached by this time. The graph representing the 
moisture content of the soil to a depth of from 0 to 3 feet is practically 
parallel with that of the soil from 3 to 6 feet during the summer 
months of 1919. The soil in this orchard was noted to be very dry 
at the sampling of July 7, and at all of the subsequent samplings the 
soil was so dry that great difficulty was encountered in driving the 
tube into the soil. The trees were decidedly wilted on July 24, 1919. 
By September 1, it was estimated that about one-half of the leaves 
of the trees had dropped. The trees were entirely defoliated by 
November 1. It is a surprising fact that in spite of the low moisture 
content of the soil to a depth of 6 feet, the trees produced a crop of 
over 6 tons of green fruit and over 3 tons of dried fruit to the acre. 
The trees undoubtedly suffered and clearly showed the evidence of 
lack of water during the latter part of the growing season. When it 
is remembered that this orchard had undergone this same treatment 
for many years, the yield is still more surprising. It is true, however, 
that the yield for 1919 was higher than that usually obtained from 
this orchard. The average yield up to 1919 had been 3^ tons of 
green fruit to the acre. 

The winter of 1919-1920 was exceptionally dry and the irrigation 
in April, 192p, of 4.01 acre-inches to the acre, brought the moisture 
content of the soil up to a point which probably would correspond, 
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at that time of year, to an amount equal to that usually resulting 
from rain. The moisture in the upper 6 feet of soil was reduced 
below the wilting coeflScient about June 20. The trees were showing 
evident signs of distress at this time and some of the leaves were 
dropping. As the season advanced, defoliation continued until about 
one-half of the leaves had dropped from the trees by September 5. 
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Fig. 5. Soil’Hioisture conditions in the Santa Clara Valley prune orchard 
No. 1 during 1921. The rainfall is indicated by the heights of the solid black 
rectangles, and the amount of irrigation water is represented by the cross-hatched 
rectangles. 


The heavier application of water later in the season of 1921 
resulted in prolonging the period in which the soil-moisture supply 
in orchard No. 1 was above the wilting coefficient. However, the 
trees were badly wilted by August 30 and were practically defoliated 
by October 4. 

The soil-moisture history of orchard No. 2, illustrated in figures 
6 and 7, shows that the moisture content of the upper 6 feet of soil 
in this orchard was reduced below the wilting coefiicient in each of 
the four years between July 1 and July 15. The orchard showed 
the lack of water during each growing season. Permanent wilting 
was evidenced at these times by wilting and shedding of the leaves. 
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The usual condition of the trees in this orchard after the removal 
of the crop is illustrated in figure 1. It will be noted that the trees 
were practically defoliated by October 4, 1920. This orchard, ^except 
during 1922, bore exceptionally good crops of fruit. The records 
of yields of fresh fruit from this orchard for the several years pre- 
ceding 1919 are as follows: 1916, 8,467 pounds to the acre; 1917, 
10,956 pounds to the acre ; and 1918, 7,969 pounds to the acre. It is, 
indeed, remarkable that an orchard which unmistakably suffers from 
lack of water for such long periods of time during each year con- 
sistently bears good crops of fruit. 

The graphs of the moisture condition in orchard No. 2, when 
compared with those illustrating conditions in the other orchards 
which were not winter irrigated, suggest that irrigation in the dormant 
season does not materally postpone the time in the following growing 
season during which the moisture supply in the first 6 feet. of soil 
is depleted below the wilting coefficient. A similar condition was 
found by Batchelor and Reed^ with mature walnut trees. 

On June 20, 1919, the trees in orchard No. 3 showed wilting of 
leaves resulting in some abscission. The leaves continued to drop 
as the season advanced, the trees being completely defoliated by 
October 10. As indicated in figure 8, the moisture supply of the soil 
to a depth of 6 feet was reduced by the middle of June, 1919, below 
the wilting coefficient. The unusually low drying ratio of fresh fruit 
to dried fruit of 1.69 for this year was doubtless due to the partial 
drying of the fruit on the trees. The condition of the trees during 
the' years 1920, 1921, and 1922 was much better than in 1919. Wilting 
did not occur so early, and the trees were not defoliated until later 
in the season. However, the moisture supply in the first six feet of 
soil was below the wilting coefficient for about two months during 
the latter part of the growing season each year. (Figures 8 and 9.) 
The trees were wilted during these periods and were revived on the 
application of water in the fall. This was especially noticeable in 
the years when the water was applied early in the* fall, and before 
the majority of the leaves had dropped from the trees. 

The yield from orchard No. 3, although much lower than any of 
the other orchards, was somewhat better than had been obtained for 
the several preceding seasons. The increase in yields after 1919, as 
shown in table 3, is a response to better care and to an available 
supply of soil moisture for a longer time each year. 
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Pig. 10. Soil-moisture conditions in the Santa Clara Valley prune orchard No. 4 during 1919 and 1920. The rainfall 
indicated by the heights of the solid black rectangles, and the amount of irrigation water is represented by the cros8-hatch< 
rectangles. 
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Fig. 11. Soil-moisture conditions in the Santa Clara Valley prune orchard No. 4 during 1921 and 1922. The rainfall is 
indicated by the heights of the solid black rectangles, and the amount of irrigation water is represented by the cross-hatched 
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Fig. 12. Soil-moisture conditions in the Santa Clara Valley prune orchard No. 5 during 1919 and 1920. The rainfall is 
indicated by . the heights of the solid black rectangles, and the amount of irrigation water is represented by the cross-hatched 
rectangles. 



152 


Silgardia 


[Vol. 2, No. 6 


^9t494JJ 
K « ^ 







Jan., 1927] Veihmeyer : Factors Affecting Irrigation of Deciduous Orchards 


£‘aQOU/ 
10 V) ^ qi s 



a ^ 

«H a 

.si 


.d 

ei 


§s 

o « 

iH 


tiD m 

d.s 

Wi 

CO ^ 

d g 
^ .2 

As W) 
a As 

^'g 

ii 

^ 93 

a> ” 

.-s 9, 

c8 

S? e> 
«* 

.5 .s 
O so 
.2 
d 'Si) 


CO 93 
0) 

. O M 

.3 5 

§3 

a o 
*r3 * 
d S 
o ^ 

As O 
^ 00 
.2 £ 

i- 

»? •» 


o o> 
co£ 


.» 1 | 

l^gs 

ll 


Bilgatdia 


[VoL 2, No. 6 


O tQ > N *. 



Pig. 15. Soil-moisture conditions in the Santa Clara Valley prune orchard No. 6 during 1921 and 1922. The rainfall is 
indicated by the heights of the solid black rectangles, and the amount of irrigation water is represented by the cross-hatched 
rectangles. 
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Orchards 4 and 6 had the moisture content of the first 6 feet of 
soil above the wilting coefficient for longer periods during the growing 
season than orchards 1, 2, and 3, as will be seen from figures 10, 11, 
14, and 15. During the four years these orchards were under observa- 
tion, the moisture content of the upper 6 feet of soil was below the 
wilting coefficient for periods of from 2 to 4 months during the grow- 
ing season. These orchards wilted each year, and many of the 
leaves dropped before the crop was harvested. The condition of the 
trees in orchard No. 4 on November 1, 1920, is shown in figure 3. 
This condition was typical also of orchard No. 6. The trees apparently 
suffered from drought in spite .of one or two rather heavy applications 
of water in the fore part of the season. 

The soil-moisture history in orchard No. 5 is shown in figures 12 
and 13. 

Orchard No. 5 had better moisture conditions in the first 6 feet 
of soil throughout the four years than any of the other orchards. 
In one year only, 1920, did the moisture content fall below the 
theoretical wilting coefficient. In the latter part of the growing 
seasons of 1919 and 1922, the moisture content was reduced to an 
amount which was about equal to the wilting coefficient. It is inter- 
esting to note that some distress was indicated by the permanent 
wilting of some of the leaves. It is shown in table 4 that with the 
exception of the year 1920, this orchard had a higher yield to the tree 
than any of the other orchards. The striking difference in condition 
of the trees in orchard No. 4 and of those in orchard No. 5 could be 
noted easily since they were adjoining orchards. The border line of 
orchard No. 5 could clearly be distinguished from that of orchard 
No. 4 by the better appearance of the trees. 

Orchard No. 5 had yielded good crops consistently before 1919. 
In 1916 the yield of fresh fruit to the acre was about 11,000 pounds; 
in 1917, 7,000 pounds; in 1918, 9,000 pounds. Orchard No. 4 had 
not been a good producer, the' average yield of fresh fruit previous 
to 1919 having been about 4,400 pounds to the acre. Orchard No. 6 
had not produced good crops up to 1919. The yield of fresh fruit 
to the acre in 1915 was 2,600 pounds, and in 1916, 6,435 pounds. In 
1917 it was reduced to 2,918 pounds. 
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Extraction of Moisture by the Tree Roots from Depths of Soil 

Below Six Feet 

Samples of soils for moisture determinations were taken to depths 
of 12 feet during the four j^ears of observation. In each orchard 
the soil below 6 feet contained considerable gravel; the labor of 
taking samples, especially when the soil was dry, was so great that 
only a few sets of samples were taken each season. These determin- 
ations, though few in number, indicate that in every year during 
which soil moisture was available, some moisture was taken from 
the soil by the trees to the full depth of 12 feet. The extraction of 
moisture from the depth of 6 to 9 feet was at a slower rate than that 
from the first 6 feet. The extraction from^ the 9 to 12-foot depth was 
at a slower rate than from the 6 to 9-foot depth. The amojints of 
water taken from the soil by the trees from the four 3-foot layers of 
soil are given in table 5. These records show the extraction of moisture 
after the last irrigation was applied in the summer, or after the last 
rains, and before the first application of water in the fall, or at the 
end of the growing season. The values, expressed in acre-inches, are 
the amounts of water in 3 feet of soil, equivalent to the designated 
depth of water in inches. The amount of water in the soil in the 
fore part of the summer is given as the amount above the calculated 
hygroscopic coefficient. The values will convey some idea of the 
supply of water available for growth. However, it is to be noted 
from table 5 that in one instance only all of the water above the hygro- 
scopic coefficient was used by the trees. This is the 0 to 3-foot depth 
of soil in orchard No. 6, during the summer of 1921. There was an 
amount of water equivalent to 3.68 acre-inches to the acre in this 
depth of soil on May 16, 1921, and 3.88 acre-inches to the acre was 
removed by the trees. The soil-moisture content in this orchard also 
was reduced to the hygroscopic coefficient in the fall of 1920. The 
moisture content of the upper 3 feet of soil in orchard No. 2 was 
usually reduced almost to the calculated hygroscopic coefficient in 
the fall of each year. 

The smaller amounts of water taken from the 6 to 9-foot depth, 
and the still smaller amounts taken from the 9 to 12-foot depths of 
soil, is clearly brought out in table 5. These records, together with 
the graphs of moisture conditions, indicate that if the losses of 
moisture from below the surface layers of soils are attributed solely 
to that caused by transpiration through the trees, an assumption 



• The water table under each of these orchards was over 100 feet from surface, 
t It should be noted that the soil from 9 to 12 feet was not fully wet from previous irrigation. 
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Orchard 

May 16, 1921 
June 17. 1922 

June 19, 1922 

June 1, 1921 
June 28, 1922 

June 1, 1921 
June 28. 1922 

Apr. 28, 1921 
Apr. 17, 1922 

May 16, 1921 

Date of 
sampling 

3.68 

4.79 

5.50 

6 50 
5.80 

4.54 

2.82 

3.63 

4 13 

4 39 

0-3 foot 
depth 

Acre-inches per acre available 
above hygroscopic coefficient 

3.13 

4 08 

60 9 

6.04 

5.74 

5.04 

4 14 

4.64 

4.79 

3.68 

3-6 foot 
depth 

1.87 

2.97 

3.68 

4 78 
4.69 

3.56 

2 72 

4 29 

4 84 

2 84 

6-9 foot 
depth 

1.18 

1.56 

2.92 

2.67 

4.79 

2.52 

1.64 

3 03 
4.18 

2.47 

9-12 foot 
depth 

6 5 feet 

9.0 feet 

Below 12 feet 

Below 12 feet 
Below 12 feet 

9 5 feet 

10 5 feet 

Below 12 feet 
Below 12 feet 

10 5 feet 

Depth of soil 
wet from 
previous 
irrigation 

Oct. 1, 1921 
Sept. 14, 1922 

Sept. 15, 1922 

Oct. 1, 1921 
Sept. 27. 1922 

Oct. 4, 1921 
Sept. 28, 1922 

Nov. 18, 1921 
Sept. 28, 1922 

Oct. 4, 1921 

Samples 
taken before 
irrigation. 
Date 

3.88 

4.18 

CO 

6.04 

5.24 

3 58 
1.97 

CO CO 

So So 

3.86 

0-3 foot 
depth 

Acre-inches to the acre taken 
from different depths of soil 

2.97 

3.13 

3.07 

5.74 

4.29 

3 33 
2.62 

4.24 

4.08 

3.07 

3-6 foot 
depth 

1.56 

2.17 

1.92 

3.27 

1.94 

2.55 

1.49 

3.35 

3.73 

2.32 

6-9 foot 
depth 

13 I 

90 I 

911 

0 60 
0.98 

ll 1 

U I 

1.26 

1 59 

bo 

9-12 foot 
depth 

105.4 

87.4 

65.1 

93 0 
90.2 

6*69 

8 81 

97.2 

92.7. 

87.8 

0-3 foot 
depth 

Percentage taken of total 
amount available 

04.9 

76.6 

60.4 

95.0 

74.7 

66.1 

63.3 

91.4 

85.3 

83.5 

3-6 foot 
depth 

83.5 

73.1 

52.2 

S8.4 

41.3 

71.7 

56.8 

78 0 
78.7 

81.8 

6-9 foot 
depth 


39.7 

22.5 

20.5 

o> 

j- 7^1 

M GO 

io at 

bo 
— *• 

9-12 foot 
depth 


0 

1 


OQ 

d 
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which will be shown to be substantially true in the latter part of this 
report, most of the roots are distributed rather uniformly throughout 
the upper 6 feet of soil, there are a few roots in the 6 to 9-foot depth, 
and still fewer in the 9 to 12-foot depth. 

In orchard No. 4, very little moisture was taken from the 9 to 
12-foot depth even though there were large amounts available. The 
soil to this depth was noticeably moist at all times during the last 
three years of the period of observation. In spite of this, the trees 
in this orchard showed permanent wilting and defoliation of leaves 
during the growing season. This suggests that the distribution of 
Myrobalan roots, on which these trees were grown, was largely 
limited to the upper 9 feet of soil. 

Discussion op Results 

The graphs of the soil-moisture conditions in the JSanta Ulara 
Valley prune orchards show the fluctuations in soil moisture prevalent 
in mature commercial orchard. These suggest that the maintenance 
of even an approximately uniform soil-moisture content is impossible. 
Mature prune orchards are different from other deciduous orchards 
in that there is a long period when surface applications of water 
can not be made. Usually the trees are propped for about two months 
during the latter part of the summer, and the fruit is on the ground 
for a long time. 

. Orchard No. 5 had the best moisture conditions of any of those 
under observation. An irrigation was given in June of each year, 
except in 1920, and the orchard was irrigated as early as possible in 
the fall. The soil moisture was reduced appreciably below the wilting 
coefficient only in 1920. Orchards No. 4 and No. 6 showed greater 
reductions of the soil-moisture supply than No. 5. Orchards No. 1 
and No. 2 were wilted for longer periods than the other orchards, 
except No. 3, during 1919 and 1920. Orchard No. 3 showed much less 
wilting during the season of 1921 and 1922. It ranks with orchard 
No. 4 in this respect. 

There seems to be no relation between the yield and the soil- 
moisture content in the different orchards. Also the size of dried 
prunes bore no relation to soil-moisture content. The number of 
pounds of fresh fruit required to make one pound of dried fruit, 
given in table 4, can not be used to judge strictly the amount of 
water in the fresh fruit from the different orchards. The time the 
fruit was allowed to remain on the ground and the condition of 
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dryness of the fruit probably were not the same for the different 
orchards. As previously pointed out, the low drying ratio for the 
fruit from orchard No. 3 in 1919 was due to the fact that much of 
the fruit dried on the trees. However, the drying ratios recorded 
represent what may be expected from commercial orchards and indi- 
cate no consistent relation between soil moisture and water content 
of the fruit. This is further illustrated in the percentages of water 
found in the flesh of the fruit samples collected from the different 
orchards and reported in table 4. As previously discussed, it is also 
thought that the differences in amounts of sugar found in these 
samples can not be attributed to the differences in irrigation. 

No differences could be recognized in the condition of trees grow- 
ing on soil with a high moisture content in the upper 6 feet and 
those on soils with low moisture content in the same depth until the 
soil-moisture supply had been reduced to the wilting coefiBcient. Wilt- 
ing, without recovery until water was again added to the soil, always 
resulted when the moisture content of the upper 6 feet of soil had 
been reduced to a condition closely approximating the calculated 
wilting coefficient. This will be discussed further in the following 
sections. 

Since the trees did not seem to be affected until the soil-moisture 
content had been reduced to the wilting coefficient, the necessity for 
irrigation early in the summer, when there was considerable residual 
soil moisture either from rains or previous irrigations, is not apparent. 
The irrigation practice in all of these prune orchards could have been 
bettered if the spring irrigations were delayed and the water applied 
later in the season when the moisture content of the upper 6 feet of 
soil was further reduced. Many of the early irrigations resulted in 
penetration of water below the 6-foot depth. The same amount of 
water applied later would delay wilting and shorten the time the 
trees would remain in this condition. The soil moisture more nearly 
approached this condition in orchard No. 5 than in any of the other 
orchards. 

The graphs depicting the soil-moisture conditions (figures 4-15) 
do not indicate a more rapid use of water by the trees on soil with 
high moisture content than by those on soil with low moisture con- 
tent. This is evidenced by a comparison of the slopes of the portion 
of the graphs following irrigation with the portions near the wilting 
coefficient. 

Some of the graphs do show a steeper slope immediately following 
the application of water. For example, the graphs in figure 10 for 
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the 0 to 3-foot depth and the 0 to 6-foot depth are steeper following 
the irrigation of May 27 to June 3, 1919. However, this as well as 
other cases which can be noted in the graphs may be due to the rapid 
loss by evaporation from the surface layer of soil immediately follow- 
ing irrigation and to downward movement which carried some of 
the water below the upper 6 feet of soil. In many cases soil samples 
were taken immediately after irrigation and before the water was 
distributed throughout the soil. The samples included the surface 
layer from which rapid loss from evaporation followed irrigation. 
The loss of water from below the surface of the soil is assumed to be 
almost entirely due to transpiration, and the slope of the graphs to 
indicate the rate of extraction by the roots. These considerations will 
be more fully dealt with in later sections of this report. The rate of 
extraction of soil moisture seemed to be as rapid from the 0 to 3-foot 
depth of soil as it was from the 3 to 6-foot depth. 

The condition of the trees seemed to be governed by the moisture 
content of the upper 6 feet of soil. When the moisture in this depth 
of soil had been reduced to the wilting coefficient, wilting always 
resulted and the trees did not recover until water was added to the 
soil, even though the soil below the sixth foot had a much higher 
moisture content. 

Further information concerning the use of water by mature 
deciduous fruit trees is given in the following section. 
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SECTION n 


IRRIGATION STUDIES OP PEACHES 


Studies similar to those made in the Santa Clara prune orchards 
were made on the effect of irrigation on peaches. An orchard con- 
sisting of one block of Muir peaches, on peach root, located at the 
Branch of the College of Agriculture of the University of California, 
at Davis, was selected. 

This locality is a semi-arid region. There are no fogs during 
the growing season, and between the first of May and the latter part 
of September there are few clouds. The area is typical of the hot, 
dry interior-valley climate of California, except that the night 
temperatures are lower than are usual farther north in the Sacra- 
mento Valley and in the southern part of the San Joaquin Valley. 
The normal rainfall at Davis, calculated up to 1923, is 17.41 inches. 
Practically no rain falls during the summer months. During the 
six years these studies were conducted, the rainfall was less than 
normal except during the season of 1918-1919. The rainfall in 
inches given in the following tabulation, is for each season from 
September 1 of one year to September 1 of the following year. 

1916- 1917 14.09 1919-1920 8.98 

1917- 1918 9.66 1920-1921 17.13 

1918- 1919 : 19.40 1921-1922 16.63 

The soil in this area is classed as Yolo loam. In some places the 
surface soil verges into a silty loam or a fine sandy loam. The sub- 
soil is somewhat lighter in texture than the surface soil, and there 
are occasional pockets of sand and gravel. 

The distance to the underground water surface under the orchard 
during the years the observations were made was about 18 feet. 
The normal rainfall at Davis is usually suflScient to wet the soil, if 
it is dry in the fall, to a depth of about 8 feet. Results of soil 
sampling indicate that this moisture is exhausted by mature peach 
trees at the end of the growing season of each year. It is possible 
that the roots of the trees, in the area under observation, were suf- 
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ficiently deep to extract moisture from the moist soil immediately 
above the water-table. However, in the principal peach growing 
sections of California, the water-table is generally higher than that 
at Davis, and it was thought that the results obtained in a study of 
the effect of the variation of the moisture supply in the upper 6 feet 
of soil, would be applicable to other peach growing areas in the State. 

On February 16, 1912, the trees, which were excellent two-year- 
old nursery stock, selected for uniform size, were planted in the 
orchard. The irrigation and cultural treatments were the same 
throughout the orchard until the beginning of the growing season of 
1917, when differential irrigation treatments began. 

The tree rows were numbered 1, 2, 3, ... . beginning on the 
south side, and so on to 16 on the north end. The trees in each row 
were numbered 1 to 6, beginning with number 1, on the east side, 
and ending with number 6, on the west side. The trees were spaced 
20 feet in the rows and the rows were 20 feet apart. 

The schedule of irrigation treatment which was followed during 
1917 and 1918 was as follows: All even numbered rows (rows 2, 4, 
6, 8, 10, 12, 14, and 16) received no irrigation when there was 
normal rainfall. The normal rainfall at Davis, up to the year 1917, 
from September 1 to January 1, was 6.01 inches; to February 1, 9.71 
inches; to March 1, 12.53 inches; and to April 1, 15.14 inches. 
Whenever the rainfall was below normal on these dates, sufScient 
water was applied to make up the deficiency. 

Rows 1 and 9 received no irrigation. 

Rows 3 and 11 were irrigated in the fore part of growing season 
(April or May, depending upon rainfall). They were also 
irrigated shortly before harvesting and about 30 days after 
harvesting. 

Rows 5 and 13 were irrigated sufficiently to insure a high soil- 
moisture content at time of blossoming (February or March, 
if rainfall were not sufficient), at the time of rapid length 
growth (April or May), and shortly before harvesting. 

Rows 7 and 15 were irrigated to insure ample moisture in the soil 
at the time of most rapid fruit growth (May or June), and 
about 30 days after harvesting. 

The cultural treatment was the same throughout the orchard 
during the entire period of observation. The orchard was plowed 
early in the spring of each season, in order to kill all volunteer 
vegetation. *No cover crops were planted. The plowing was followed 
-by disking and harrowing, and additional cultivations were given 
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only to keep down weed growth, and to prepare the soil before and 
after irrigation. Pruning of the different rows was kept as uniform 
as possible. The recorded weights of pruning from the different 
rows showed no appreciable differences in the amounts of wood 
removed from the different trees. Thinning was done as uniformly 
as possible. No fertilizer was added to the soil, and it is believed 
that the only material difference between the rows was the amount 
of moisture available in the soil. 

The amount of water to be applied at the times specified in the 
above schedule was determined by sampling the soil to a depth of 
6 feet. Whenever the moisture content of the soil in the rows which 
were to be irrigated according to the schedule previously given was 
found to be less than the maximum field capacity, the requisite 
amount of water was applied. The maximum field capacity of the 
soil was determined by applying an amount of water equivalent to 
12 inches in depth, to 5 plots of about 100 square feet each, and 
taking 13 samples in each plot to a depth of 9 feet. The samples 
were not taken until after gravitational movement of the water down- 
ward had ceased. The plots were located so that variations in soil 
would be represented. The average water holding capacity of the 
upper 6 feet of soil was determined by this method to be 20.18 
per cent.* 

Sampling the soil during 1917 and 1918 was done with a post-hole 
type of soil auger. A hole was bored and a sample taken from each 
foot of soil. The subdivision of the sample was made in the field. 
As previously pointed out, this method of sampling is sometimes 
faulty, and inconsistencies in the results were observed frequently. 
It was found that the amount of water applied could not always be 
accounted for in the soil by this means of sampling after irrigation. 

During the seasons of 1917 and 1918, about 6,000 samples were 
taken in the orchard. The results, in 1917, of sampling the soil to 
determine the moisture content, and the record of irrigations are 
given in table 6. For assistance in the interpretation of these data, 
the average moisture equivalents of the different depths of soil are 
given at the bottom of the table. Samples from the same rows were 
centrifuged at different times. However, the samples used for these 
moisture equivalent determinations were not exactly 30 grams. The 
values for the wilting coefficients and hygroscopic coefficients, calcu- 
lated from those for the moisture equivalents, are also listed. 

* This method of determining the amount of water the soil is capable of hold- 
ing is subject to some objection since Israelsen and Wests^ seem to show that 
the amount of mter held by the soil is dependent, to some extent, on the amount 
of water applied. 
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TABLE 6 

Summary op Iebmation Treatments and Soil-Moisture Contents in 
Muir Peach OrgharD) Davis, 1917 


Row 

Dates of 
irrigation 

Depth of 
water 
applied 
in acre- 
inches to 
the acre 

Dates of 
sampling 

Percentages of moisture in the soil 

Average 
percent- 
aipof 
moisture 
in 6 feet 

Equiva* 

lent 

depth of 
water in 
inches 

1st 

foot 

2nd 

foot 

3rd 

foot 

4th 

foot 

5th 

foot 

6th 

foot 

1.9 



Mar. 

16 

10.0 

19 

16.4 

17.0 

17.4 

15.8 

17.4 

16.3 




Aug. 

7 

10.1 

IS 

10.4 

10.4 

9.2 


10.2 

9.6 




Oct. 

1 

8.5 

Is 

10.2 

9.8 

9.5 


9.8 

9.2 

2. 4, 6 

May 4-6... . 

2.5 

Mar. 

15 

19.4 

18.3 

16.4 

IlHH 

17.2 

15.1 

17.1 

16.0 

8. 10. 12 



May 

2 

16.9 

15.9 

15.7 

17.6 

19.7 

17.1 

17.2 • 

16.0 

14. 16 



May 

8 

20.1 

19.2 

17.8 

18.2 

18.4 

15.0 

18.3 

17.1 




Aug. 

7 

dl 

11.9 

11.3 

11.2 

12.6 

EQ 

11.3 

10.5 




Oct. 

1 

9.4 

10.8 

10.1 

9.7 

9.6 

9.5 

9.7 

9.0 

3. 11 

May 18-21.. 


Mar. 

15 

18.1 

17.7 

16.8 

16.2 

16.5 

14.5 

16.6 

15.5 




May 

15 

12.7 

15.7 

15.4 

16.2 

14.8 

14.3 

14.9 

13.9 


Aug. 13-16 


May 22 

10.8 

10.6 

18.0 

18.1 

18.2 

16.6 

18.4 

17.2 




Aug. 

7 

11.8 

12.1 

11.4 

11.4 

12.0 

10.7 

11.6 

10.8 


Oct. 8-13. .. 


Aug. 21 

19.5 

17.6 

16.2 

17.1 

16.6 

14.6 

16.9 

15.8 




Oct. 

1 

13.7 

12.0 

11.9 

12.0 

11.9 

9.3 

11.0 

11.1 




Oct. 

18 

21.1 

18.7 

17.1 

16.7 

go 

14.0 

17.1 

16.0 

6. 13 

May 10-21.. 

5.28 

Mar. 

15 

18.9 

18.0 

16.6 

17.3 


16.1 

17.7 

16.6 




May 

15 

BoQ 

14.8 

14.6 

IM.l 


16.1 

14.5 

13.6 




May 22 

20.8 

19.4 

18.0 

15.7 

16.8 

14.6 

17.6 

16.4 


Aug. 13-16 

8.41 

Aug. 

7 

11.4 

11.8 

11.0 


EED 

EO 

11.2 

10.5 




Aug. 21 

20.4 

18.9 

16.6 


14.4 

14.0 

16.7 

15.6 




Oct. 

1 

14.3 

13.5 

12.8 

12.6 

12.1 

11.3 

13.8 

11.9 

7, 16 

July 2-3 

6.17 

Mar. 

15 

19.9 

19.1 

17.2 

17.1 

18.1 

16.6 

18.2 

17.0 




July 

2 


13.1 

12.5 

13.8 

15.1 

14.0 

13.6 

12.7 




July 

7 


18.4 

15.4 

16.1 

15 2 

14.8 

16.7 

15.6 


Oct. 8-13. .. 


Aug. 10 


14.1 

12.0 

12.9 

11.8 

12.7 

13.3 

12.4 




Oct. 

1 

11.2 

EXI 

BED 

10.1 

9.8 

11.1 

10.6 

9.9 




Oct. 

18 

22.5 

18.8 

17.6 

go 

14.0 

14.0 

17.5 

16.4 

Moisture equivalents 



23.5 

21.8 

19.3 

18.5 

18.5 

17.9 








d:0.12 

gill 

gm 

gill 

mm 




Wilting coefficient 



12.8 

11.8 

10.5 

10.1 

10.0 

0.8 








±0.06 

±0.10 

m 

m\ 





Hygroeoopic coefficient 



8.7 

8.1 

7.1 

6.8 

6.8 

6.6 








±0.04 



±0.15 

±0.18 

±0.25 
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TABLE 7 

SuMMAEY or Yields from Muir Peach Orchard, Davis, 1917 


Row 

Num- 
ber of 
trees 

Dates 

irrigated 

Total 
fresh 
fruit, 
includ- 
ing culls 

Culls 

Number 

mature 

peaches 

Weight 

fresh 

fruit 

Average 

weight 

toa 

fruit, 

fresh 

Weight 

dried 

fruit 

Number 
of pounds 
of fresh 
fniit to 
nuike one 
pound of 
aried fruit 




Poundi 

Pounds 


Pounds 

Pounds 

Pounds 


1 

6 

No irrigation 

115.4 

71.0 

125 

44.4 


5.4 

8.29 

9 

6 


370.7 

197.2 


173.5 

0.34 

23.2 

7.47 


Average to a tree... 

40.5 

22.4 

53 

rfc8.5 

18.1 

±2.5 

0 35 
±0.05 


7.88 

3 

6 

May 1^21 

402.8 

220.6 

485 

182.2 

IB 


9.12 

11 

5 

Aug. 13-16..., 
Oct. 8-13 

351.2 

171.9 

455 

179.3 

■ 


7.95 


Average to a tree... 

68.5 

35.6 

85.5 

±13.9 

32.9 

±3.5 

0.38 

±0.04 

3.9 

±0.4 

8.54 

5 

5 

May 19-21.... 

528.4 

262.0 

814 

266.4 


37.9 


13 

6 

Aug. 13-16... 

319.7 

162.9 

467 

156.8 


21.3 

7.36 


Avert 

ige to a tree... 

77.1 

38.6 

116.5 

±21.4 

38.5 

±6.8 

0.33 

±0.06 

5.4 

±1.0 

7.20 

7 

6 

July 2-3 

512.5 

265.9 

660 

246.6 

0.38 

31.7 

7.78 

15 

6 

Oct. 8-13 

306.9 

150.2 

411 

156.7 

0.38 

20.5 

7.65 


Avert 

Ige to a tree... 

68.3 

34.7 

89.3 

1 ±9.3 

33.6 

±2.9 

0.38 

±0.03 

4.4 

±0.4 

7.72 

2 

6 


409.3 

185.7 

595 

223.6 

0.38 

28.2 

8.03 

4 

5 


380.4 

194.4 

504 

186.0 

0.37 

23.3 

7.97 

6 

6 


410.8 

211.5 

606 

199.3 

0.33 

29.1 

6.85 

8 

5 

May 4-6 

237.4 

113.3 

329 

124.1 

0.38 

16.0 

7.89 

10 ; 

4 


186.4 

81.9 

211 j 

104.5 

0.49 

15.2 

6.86 

12 1 

6 


390.0 

199.0 

538 

191.0 

0.35 

26.3 

7.25 

14 

6 


286.6 

149.9 

391 

136.7 

0.35 

18.2 

7.46 

16 

4 


92.1 

34.6 

139 

57.5 

0.41 

6.4 

9.03 


Aven 

skge to a tree... 

55.7 

27.2 

78.7 

±4.6 

28.5 

±1.5 

0.36 

±0.02 

3.8 

±0.3 

7.67 
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All irrigation water during the season of 1917 was applied by 
furrow irrigation, six zigzag furrows being used for each tree row. 
The water applied was measured by means of hook-gage readings on 
a notch weir. 

The first blossoms appeared on the trees on March 10, and March 
18 was estimated as the mid-blossoming period. The samples taken 
on March 17 showed the soil to be amply moist; therefore, the irri- 
gations in rows 5 and 13, which were scheduled, were not given. 

Fruit harvest on all rows started on August 27 and continued 
until September 10. There were no apparent differences in the dates 
of ripening of the fruit on the different rows. A summary of the 
yields for the season of 1917 is given in table 7. The yields from 
trees which had been replanted, or were obviously subnormal, are 
not included in the table. 


Results Obtained During the Season of 1918 

The method of sampling and the general procedure was the same 
in 1918 as in 1917. The method of irrigation was changed from 
the furrow to the basin method. Levees were constructed so that 
each tree was inclosed in a square basin which could be supplied with 
water from a delivery flume. Therefore, a definite amount of water 
could be supplied to each tree, with more even distribution in the soil. 

The rainfall, up to February 1, was only 2.15, inches. This was 
7.56 inches less than normal. The even numbered plots were there- 
fore irrigated on February 4 and 5. The dates of the irrigation, 
amounts of water applied, and soil moisture records are given in 
table 8. 

Complete records for the yields of the trees were not obtained for 
the season of 1918, but the yields of representative trees in the 
different rows were secured and compared. No significant difference 
could be determined in weight or size of fruit from the various 
irrigated rows. The yields from the trees in rows 1 and 9 were 
smaller than those from the other trees. The soil-moisture supply 
in these rows was below the wilting coefficient by June 1. 

The frequent irrigations given the different rows and the inter- 
ference due to the penetration of the roots of the even-numbered 
check rows into the adjacent irrigated rows were possible reasons 
for lack of both in the appearance of the trees and the 

yields obtained. 
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TABLE 8 

SuMMAEY OP Irrigation Treatments and Soil-Moisture Contents in 
Muir Peach Orchard, Davis, 1918 


Row 

Dates of 
irrigation 

Depth of 
water 
applied 
in acre- 
inches 
per acre 

Dates of 
sampling 

Per 

Ist 

foot 

centagi 

2nd 

foot 

of mo 

3rd 

foot 

isture 

4th 

foot 

in the 

5th 

foot 

mil 

6th 

foot 

Average 
percent- 
age of 
moisture 
in 6 feet 

Equiva- 

lent 

depth of 
water in 
inches 

1.0 

Sept. 11-12* 

4.0* 

Apr. 

1 

18 9 

18 5 

14.2 

14 2 

11.3 

11.7 

13.1 

11.7 




June 

1 

18.7 

11.3 

10.7 

ECO 

9.1 

9.6 

9.9 

9.2 




Sept. 21 

18.6 

111 

10.1 

8.6 

7.8 

8.2 

11.4 

10.7 

3, 11 

May 21 

6.05 

Apr. 

1 

18 5 

17 9 

15 8 

16 5 

15 2 

14.0 

16 3 

15 3 


Aug. 12 


May 20 

12 3 

13 0 

13 2 

14 8 

14 6 

14.6 

13.7 

12.8 


Sept. 11-12 

4.0* 

May 

22 

26 8 


18 3 

17 2 

16 4 

15.6 

19 2 

18.0 


Sept. 25 

6 30 

Aug. 

7 

0 3 

10 0 

9.1 

9 2 

8.3 

8 4 

9.1 

8.5 




Aug. 

14 

28.2 


13 9 

12 4 

11.9 

10.4 

16 4 

15.4 




Sept. 21 

19.1 


12 6 

12 1 

11 1 

13 4 

13.4 

12.6 




Sept. 26 

25 7 


19 9 

17.1 

16 0 

10.6 

18.4 

17.4 

bh 

Feb. i-5 

8.55t 

Feb. 

1 

13 1 

■ TlKS 

10.1 

9.9 

■QH 

9.5 

10.5 

■n 




Feb. 

11 

20 8 

■yS 

16.5 

15.5 

14 9 


16 5 

■31 


Sept. 1M2. 

4.0* 

Apr. 

1 

ILU 

■HH 

16 2 

17.6 

17 4 

15.5 

17.3 





June 

1 

9 9 

12.7 

13.0 

14.6 

14.1 

14.1 

13.1 


■ 



Sept. 21 

20 5 

14.8 

10 4 

9.8 

9.3 

8 2 

12.2 

m 

5, 13 

Apr. 4 

5.95 

Apr. 

1 

17 2 

17.2 

14 6 

11 8 

IBil 

11 0 

13 8 

12 9 


May 21 

4.5 

Apr. 

6 

25 0 

20.5 

18.5 

20 6 

19.1 

15.2 

19.9 

18.6 


Aug. 12 

10.1 

May 

20 

12.7 

13 5 

13.4 

16 1 

17.2 

18.2 

16.9 

15.6 


Sept. 11-12.. 

4.0* 

Aug. 

7 

9.2 


9 5 

9.2 

8.9 

8.8 

9.4 

8.8 




Aug. 

14 

26.6 

ByQ 


10.8 

9.7 

10.4 

15.4 

14.4 




Sept. 21 

21.2 


m 

12.7 

m 

12 2 

14.9 

13.9 

7, 15 

July 2 

9.78 

Apr. 

1 

20.6 

IBB 

17.1 

17.8 

18 4 

15 1 

18 0 

16.8 


Sept. 11-12.. 


June 

1 

8.4 

rii.3" 

11.7 

13.4 

13.9 

12.4 

11 8 

11 0 


Sept. 25 

7.38 

June 28? 

10 6 

fio 3^ 

10.0 

10.2 

8 6 

8.7 

9.8 

9.1 




1 July 

3l 

30 8 

[23.5 

20 4 

17 2 

12.7 

11.8 

19.4 

18.2 




Sept. 21 

19.0 

14.2 

10.6 

10 0 

9.5 

10.6 

12.3 

11.5 




Sept. 26 

26 3 

];21.3 

19.7 

17.6 

16.0 

15.2 

19.4 

18.1 


xvaiaiaii. , . . , 

t Includes 0.99 inches of rain which fell during irrigation. 
For moisture equivalents see table 6. 
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Results Obtained During the Season op 1919 

Investigations of the root systems of the trees during the winter 
of 1918-1919 showed that the roots of the trees in adjacent rows 
overlapped, and there was a possibility that the trees in the check 
rows took moisture from the adjacent irrigated rows. For this reason 
the trees in the even-numbered rows were removed in February, 1919, 
leaving rows 1, 3, 5, 7, 9, 11, 13, and 15. This numbering was re- 
tained. The trees were then 20 feet apart in the rows and the rows 
were 40 feet apart. It was decided to give the two rows which 
constituted one treatment only one irrigation, instead of two or more 
irrigations which were given in the two previous seasons. 

The differential irrigation treatments were as follows : 

Rows 1 and 9 received no irrigation. 

Rows 3 and 11 were irrigated near to the time when length growth 
was beginning to slacken. This was usually about the first 
week in June. 

Rows 5 and 13 were irrigated shortly before harvesting. The time 
of application was about the first week in August. 

Rows 7 and 15 were irrigated about 30 days after harvesting to 
observe the possible infiuence on dormancy and fruit bud 
formation. The irrigation was given about the middle of 
September. 

‘These treatments were given during the remainder of the experi- 
ment which was carried on until the end of the season of 1922. It 
should be noted that these treatments are not essentially different 
from those given the same rows during 1917 and 1918. During 1917 
and 1918, rows 1 and 9 were not irrigated ; the soil moisture in rows 
3 and 11 was maintained at a high percentage during the fore part 
of the season when rapid length growth was being made. The per- 
centages of soil moisture in rows 5 and 13 were high during the time 
when the fruit was maturing ; and rows 7 and 15 were supplied with 
ample moisture after the crop was removed. 

The method used in 1917 and 1918 to determine the amount of 
water to apply, was followed in 1919 and subsequent seasons. At 
each irrigation, water was applied in amounts sufficient to raise the 
first 6 feet of soil to the maximum amount it was capable of holding 
against gravity. The trees were irrigated each time in basins, to 
insure the evenness of application of the water. Square basins 20 
feet by 20 feet were constructed around each tree. Since the rows 
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Summary of the Irrigation Treatments and Soil-MjOisture Contents in the Muir Peach Orchard, Davis, 1919 
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were 40 feet apart, this left a dry strip 20 feet wide between the 
rows. The interference of adjacent trees probably was greatly 
lessened by this method. 

Beginning with the season of 1919, all soil samples were taken 
with a soil tube, and the results show much greater consistency in the 
moisture determinations. The samples were taken to a depth of 
6 feet. The soil removed from the first 3 feet and that from the 
second 3 feet, were placed in separate soil cans. The results, in per- 
centages, of moisture obtained were the averages of moisture contents 
of these two depths of soil. The entire core of soil removed from the 
tube was retained for the moisture determination. A summary of 
the irrigations applied and the moisture contents of the soil at 
different times throughout the season are given in table 9. 

The moisture equivalents of the soil in the rows, grouped accord- 
ing to irrigation treatments, are given in table 10. 

TABLE 10 

Summary op Moisture Equivalent DETtatMiNATioNs and Calculated Values 
OP the Wilting Coefpioients and Hygroscopic Coefficients of 
THE Soil in the Muir Peach Orchard, Davis 


Row 


Depth of soil, in feet 

0-3 

3-6 

0-6 

1,9 

Moisture equivalent 

Wilting coefficient 

Hygroscopic coefficient 

18-82±0.38 

10.23=b0.21 

6.95=1=0.14 

16.24=fc0.40 

8.8^=h0.22 

5.99±0.15 

17.53±0.27 

9.33=1=0.16 

6.33db0.11 

3, 11 

Moisture equivalent 

Wilting coefficient 

Hygroscopic coefficient 

18.66=h0.38 

10.11=t0.21 

6.89db0.14 

16.42d:0.69 

8.92±0.35 

6.06dh0.25 

17.54=b0.38 
9.53:1=0.21 
6.47=fc0. 14 

5, 13 

Moisture equivalent 

Wilting coefficient 

Hygroscopic coefficient 

19.60:1:0.23 

10.65±0.12 

7.23=h0.08 

16.00±0.50 

8.70dh0.27 

5.91±0.78 

17.80:1:0.26 
9.68db0.14 
6.58=1:0. 10 

7, 15 

Moisture equivalent 

Wilting coefficient 

Hygroscopic coefficient 

19.82d=0.21 

10.77±0.11 

7.31db0.08 

r 

15.88=b0.42 

8.63±0.23 

5.86d=0.15 

17.85db0.23 

9.70d=0.12 

6.50:1=0.08 


The moisture contents of the soil in the rows throughout the 
growing season of 1919, are graphically illustrated in figure 16, The 
graphs in this figure are drawn in the same manner as those which 
illustrate the moisture conditions in the Santa Clara Valley orchards. 
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However, in these graphs, the scale is changed, the time for which 
the moisture contents are shown is shorter, and the losses of moisture 
from the soil following irrigation are more clearly defined. The lines 
representing the loss of moisture from the upper 3 feet of soil and 
those representing the loss from the lower 3 feet approach much closer 



Fig. 16. Soil-moisture conditions in the Muir peach orchard at Davis during 
the growing season of 1919. The rows are grouped according to irrigation 
treatment. 

to parallelism here than in the graphs of the soil moisture in the Santa 
Clara Valley orchards. At each irrigation in the peach orchard, 
sufficient water was applied to wet the soil to a full depth of 6 feet. 
This insured the same relative amounts of available water for growth 
in the two depths of soil. 
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The first picking was on August 13, 1919. Four pickings were 
made, the last one being made on August 27. There were no differ- 
ences in the dates of ripening of the fruit in the different rows. A 
summary of the yields of fresh and dried fruit from the rows con- 
stituting the different treatments is given in table 11. These records 
show that there were no significant differences in the weight of fresh 
fruit, the weight of dried fruit, the number of fruits to the tree, the 
average weight of a peach ; or the drying ratio. 

After the peaches had been thinned, and after the chance of 
so-called ‘‘June drop” were lessened, measurements of circumferences 
of the peaches were started. Ten peaches, regularly spaced or located 
on each tree, were tagged and the maximum horizontal circumferences 
were measured with a small steel tape. The averages of these meas- 
urements are given in table 12. It is apparent from these records as 
well as those of the average weight of a peach given in table 11 
that there were no significant differences in the sizes of peaches 
produced on the different trees. 


TABLE 11 

Summary op Yields prom Muir Peach Orchard, Bavis, 1919 


Row 

Num- 
ber of 
trees 

Dates 

irrigated 

Total 

weight 

fresh 

fruit 

Pounds 

culls 

Number 

matured 

peaches 

Weight 

fresh 

fruit 

Average 
weight 
of a fruit 
fresh 

Weight 

dried 

fruit 

Number 
of fresh 
fruit to 
make one 
pound of 
dried 
fruit 

1 

6 

No irrigation 

1182 0 

91.0 

4249 


0.26 

201.95 

6.4 

9 

6 


1308.6 

97.5 

5553 

1211 0 

0 22 

235.30 

5.2 


Average per tree 

208.0 

15 7 

816 


0.24 

36 44 







d=54 4 

±9.5 

±0 01 



3 

6 

June 6-6 

1405 8 

143.0 

5105 

1262 8 

0.25 

242.59 

6.2 

n 

6 


1093.5 

143.5 

3896 

950.0 

0 24 

179.06 

6.2 


Average per tree 

227.0 

26.1 

820 

201.0 

0 25 

38.33 







±38.1 

±6.8 

±0 01 



5 

6 

Aug. 4-6 

1240.3 

136 3 

4448 

1104 0 

0 25 

204.0 

5.4 

13 

6 


1143.0 

166.5 

4096 

976.5 

0 24 

175.8 

5.6 


Average per tree 

216.6 

27.6 

775 

187.0 


34.6 







±66.6 

±12.8 

mm 



7 

6 

Sept. 11 

1311.8 



1166.0 

0.21 

228.4 

6.1 

16 

4 


737.26 



648.6 

0.25 

131.6 

4.9 


Average p4r tree 

204.9 



181.3 

0.23 

86.0 


4 . 






±8.0 

dbO.Ol 
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Fig. 17. Wilting and partial defoliation of trees in the unirrigated row 9 
caused by drought, August 18, 1920. 



Fig. 18. Condition of trees in the unirrigated row 9 on August 2, 1919. 
Much less wilting is shown than in figure 17. 
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TABLE 12 

Average Size of Peaches from Mijir Peach Orchard, Davis, 1919. The 
Maximum Horizontal’ Circumference in CENTiMErms is Eeoorded 
(Each value is the average of the measurements of 60* peaches for each row, or 
of 120 pe^hes for the average for each treatment.) 


Row 

June 21 

July 11 

July 30 

Aug. 0 

. , , .. 

Aug. 15 

1 

12.4 

14.0 

16.5 

18.7 . 

19.3 

9 

11.7 

13.0 

15.4 

17.6 

18.2 

Average 

12.0 
±0. 10 

13.6 
±0. 12 

16.0 

±0.15 

18.2 
±0. 18 

ll.S 

±0.18 

3 

12.3 

13.7 

16.1 i 

18.4 

19.0 

n 

12.3 

13.9 

16.2 

18.5 

19.3 

Average 

12.3 

±0.07 

13.8 

±0.09 

16.2 

±0.13 

18.4 

±0.13 

19.2 

±0.19 

5 

12.2 

13.6 

16.1 

18.5 

19.2 

13 

11.9 

13.3 

15.7 

18.6 

19.3 

Average 

12.1 

±0.09 

13.5 

±0.11 

15.9 

±0.15 

18.4 
±0. 15 

19.2 

±0.17 

7 

12.0 

13.3 

15.7 

17.8 

18.6 

15 

12.6 

13.8 

16.2 

18.4. 

19.1 

Average 

12. a 

±0.09 

13,6 

±0.10 

16.0 
±0. 10 

18. r 

±0.17 

00 

00 o 

-H 


* A few peaches dropped before the final measurements were made. 
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Fig. 19. Condition of trees in irrigated row 3 on August 2, 1919. The 
heavier foliage and absence of wilting is evident when this figure is compared 
with figures 17 and 18. 


TABLE 13 

Summary or Irrigation Treatments and Soil- Moisture Contents in Muir 
Peach Orchards, Davis, 1920 


Row 

Date of 
irrigation 

Depth 

of 

water 

applied 

Depth 
of soil 
in feet 

Percentage of moisture 

1 Apr. 

5 

i Apr. 
27. 29 

June 

5 

June 

16 

July 

10 

Aug. 

7 

Aug. 

10 

Sept. 

17 

Sept. 

24 

9 

No irrigation 

• 

1 0-3 

14.7 

1 13.5 

9 8 


9.1 

8 3 


8 3 





3-6 

9.1 

9.0 

8.8 


8 3 

7.5 


7.7 





Average 

11 9 

11 3 

9.3 


8 7 

7.9 


80 


3» 11 


9.96 

0-3 

14 9 

15 2 

9.9 

17.1 

12.5 

10.8 


8.4 





3-6 

9.3 

11.3 

9.0 

15.4 

13.3 

9.4 


8.8 

1 




Average 

12.1 

13.3 

9.5 

16.3 

12 9 

10.1 


8.6 


3, 13 


11.04 

0-3 


13.4 

Ilii 

Ifll 

9.2 

8.5 

22.2 

wm 





3-6 


9.4 

9.1 

9.2 

9.2 

8.2 

19 0 

13 6 





Average j 

12.1 

11.4 

9.7 

9.6 

9.2 

8.4 

20.6 

13 3 


7, 16 

Sept. 30-21-22 

10.68 

0-3 

17.7 

16.9 

10.4 


9.8 

8.7 


8.4 

31.6 



8-6 

11.7 

12.4 

11.4 


10.3 

9.3 


9.1 

16.6 




Average 

14.7 

14.2 

10.9 


10.1 

D 

........... 

8.8 

18.6 
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Besults Obtained During the Seasons of 1920, 1921, and 1922 

The procedure during the seasons of 1920, 1921, and 1922 was the 
same as that just described for the season of 1919. A partial sum- 
mary of the soil moisture data of 1920 is given in table 13 for 
comparison with the soil-moisture condition in 1919, as shown in 
table 9. The rainfall during the winter of 1920 was only 8.35 inches, 
a deficiency of 6.79 inches. This was a particularly severe season 
for the unirrigated rows. The moisture content of the 3 to 6-foot 
depths of the soil in rows 1, 3, 5, 7, 9, and 11, was below the wilting 
coefficient on June 5. All of the trees in these rows were wilted at 
this time and some leaves had dropped. Row 9, the inside row which 
was not irrigated, clearly showed the effect of lack of water. The 
trees in row 1, the other unirrigated row, were not so badly wilted 
as those in row 9. The wilted and defoliated condition of the trees 
in row 9 on August 18, 1920, is illustrated by the photograph of 
tree 3 (fig. 17), which is typical of the trees in that row. While these 
trees showed some wilting in 1919 (fig. 18), they were in much better 
condition than in 1920. The condition of the trees in row 9 in 1919, 
can be further compared with the condition of those in row 3, by 
means of figures 18 and 19. The latter is a photograph taken of 
tree 3, in row 3, on August 2, 1919. The upper 3 feet of soil in 
row 3 had just been reduced to the wilting coefficient on August 1, 
but the lower 3 feet was above the wilting coefficient on this date. 

Early in May a severe north wind blew for several days. This 
was an extremely hot and strong wind which caused much damage 
to the outside trees on the north and west sides of the orchard. For 
this reason the summary of the yields of only the inside trees in 
each row is given in table 14. 

The first picking on all but row 9, was made on August 17, 1920, 
and the last picking on August 28. The fruit on row 9 did not 
mature until August 23. The last picking on this row was on 
September 3. Table 15 gives the average circumferences of peaches 
for the year 1920. These measurements were made in the same manner 
as those in 1919. The difference in size on the last date the measure- 
ments were made between the averages of rows 1 and 9, and 5 and 13, 
is 2.1 ± 0.55 centimeters. However, the size of the peaches* in row 1 
w^ not less than that of the peaches in row 3. The trees in row 9 
were practically defoliated by the date of the last picking, Septem- 
ber 3, and the peaches in this row were noticeably smaller than in 
the other rows. 
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TABLE 14 

Summary of Yields of Inside Trees of Muir Peach Orchard, Davis, 1920 


Row 


Num- 
ber of 
trees in 
aver- 
age 

Wei|;ht 

fresh 

fruit, 

pounds 

Weight 
to a 
tree, 
pounds 

Num- 
ber of 
fresh 
fruit 

Num- 
ber to 
a tree 

Aver- 
age 
weight 
of a 
fruit, 
pounds 

Weipt 

dried 

fruit 

Weight 
of dried 
fruit 
to a 
tree, 
pounds 

Pounds 
of fresh 
fruit for 
1 pound 
of dried 
fruit 

Weight 

culls, 

pounds 

0 

No 

irrigation 

■ 

238.5 

59 5 

1705 

426 

0.14 

56 0 

14.0 

4.3 

0 

3, 11 

June 

9-10 

■ 

797.0 

114 0 

3535 


0 23 

202.5 


3.9 

210.0 

5,13 

Aug. 6 

7 

776.5 

110.0 

3572 

510 

0 22 

176 5 

25.0 

4.4 

86.0 

7 

Sept. 

20-22 

4 

409.0 

102.5 

2205 

551 

0 19 

95.0 

24.0 

4 3 

35.0 


TABLE 15 

Average Size op Peaches from Muir Peach Orchard, Davis, 1920. The 
Maximum Horizontal Circumference in Centimeters is Becorded 


(Each value is the average of the measurements of 60 peaches for each row, or 
of 120* peaches for the average for each treatment.) 


Row 

May 21 

June 7 

July 1 

July 20 

Aug. 6 

1 

10.3 

11.5 

■n 

n 


9 

10.9 

11.2 

■■ 

■H 


Average 

10.6 

d=0.08 

11.4 

±0.12 

13.0 

±0.16 

15.3 

±0.30 

CO 

00 CO 

b 

3 

10.2 

11.1 

13.0 

15.4 

18.4 

11 

11.1 

11.7 

13.7 

16.4 

19.6 

Average 

10.6 

±0.10 

11.4 

±0.12 

13.4 

±0.13 

15.9 

±0.18 

19.0 

±0.25 

5 

10.6 

13.3 

15.2 

18.3 

20.6 

13 

11.3 

12.1 

14.0 

16.4 

19.2 

Average 

11.0 

±0.09 

12.7 

±0.21 

14.6 

±0.25 

17.3 

±0.37 

19.9 

±0.42 

7 

11.0 

11.9 

12.9 

15.3 

17.8 

15 

11.4 

12.4 

13.8 

16.4 

19.4 

Average 

11.2 

±0.05 


13.4 

±0.19 

15.8 
±0. 10 

18.6 

±0.32 


* Aft«r August 6 so many psaohss dropped that furthsr msasursments could not bo mads. 































178 


HUffordia 


[Vol. 2, No. 6 


During the seasons of 1921 and 1922, the irrigation treatments 
and the procedure were the same as in 1919 and 1920. The irriga- 
tions given in 1921 were as follows: Rows 3 and 11 irrigated on 
June 7 and 8 with 8.80 acre-inches to the acre; rows 5 and 13 on 
August 8 with 10.50 inches; and rows 7 and 15 on October 7 with 
10.00 inches. 


TABLE 16 


Summary or Yields from Muir Peach Orchard, Davis, 1921 


Row 

Num- 
ber of 
trees 

Dates irrigated 

1 Total 

1 weight 
! fresh fruit, 
including 
culls 

Culls 

■ 

Weight 

dried 

fruit 

Number 
of fresh 
fruit to 
make 1 
pound of 
dried fruit 




Pounds 

Pounds 

Pounds 

Pounds 


1 

6 

No irrigation 

1666.5 

222.5 

1444.0 

211.5 

6.8 

9 

6 


960.5 

140.0 

820.5 

194. (V 

4.2 


Avers 

ige to a tree 

218.9 

30.2 

188.7 

33.8 







±18.23 

±2.69 

■ 

3 

6 

June 7-8 

1331.0 

230.5 

1100.5 

226.0 

n 

11 

5 


1177.5 

162.0 

1015.5 

215.5 

III 


Avert 

ige to a tree 

228.6 

35.7 

192.4 

40.1 







±6.53 

±1.26 


5 

6 

Aug. 8 

1571.0 

172.5 

1408.5 

249.0 

5.7 

13 

6 

i 


1742.5 

279.0 

1463.5 

249.0 

5.9 


Average to a tree 

276.1 

37.6 

239.3 

41.5 







±15.44 

±2.62 


7 

6 

Oct. 7 

1457.0 

162.5 

1294.5 

258.0 

5.0 

15 

6 


1372.0 

223.5 

1148.5 

221.0 

5.0 


Avers 

Ige to a tree 

235.8 

32.2 

203.6 

40.0 







±13.03 

±2.44 



During 1922 rows 3 and 11 were irrigated on June 23 with 8.00 
inches, rows 5 and 13 on August 12 with 10.00 inches, and rows 7 
and 15 on September 20 with 10.50 inches. The soil-moisture con- 
ditions in the different rows during the seasons of 1921 and 1922, 
were substantially the same as those given for the year 1919. For 
this reason they are not reported. 

The yields for the season of 1921 are given in table 16. The first 
picking was on August 23, and the last on September 2. The yields 
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of green fruit from the different rows for the season of 1922 is given 
in table 17. The first picking was on August 26, ai^d the last on 
September 5, 1922. 

TABLE 17 

Summary or Yields prom Muir Peach Orchard, Davis, 1922 


Row 

Num- 
ber of 
tree 

Dates irrigated 

Total 
weight 
fr^h fruit 

Culls 

Weight 
fresh fruit 

Average 
weight 
fresh fruit 
to a tree 




Pounds 

Pounds 

Pounds 

Pounds 

1 

6 

No irrigation 

1561.5 

348.5 

1213.0 

202.2 

9 

6 


1087.0 

107.0 

980.0 

163.3 


A.verag 

e 

1324.2 

227.8 

1096.5 

182.6 







dz9.32 

3 

6 

June 23 

1458.8 

238.5 

1220.2 

203.4 

11 

5 


1349.5 

160.0 

1189.5 

237.9 


A-verage 

1404.1 

199.3 

1204.9 

219.1 







dh9.92 

5 

6 

Aug. 12 

1681.0 

342.0 

1339.0 

223.2 

13 

6 


1826.0 

216.0 

1610.0 

268.3 


Averag 

:e 

1753.5 

279.0 

1474.5 

245.1 







±12.59 

7 

6 

Sept. 15 

2294.0 

149.5 

1244.5 

207.4 

15 

6 


1613,5 

306.0 

1307.5 

217.9 


Averag 

:e 

1953.8 

227.8 

1276.0 

212.7 







±6.62 


Analyses of Peaches for Sugar and Acid Content 

Samples of fruit for analyses were taken from the different rows 
during the seasons of 1917, 1918, and 1919. Care was taken in 
selecting the samples to secure representative fruits of average ripe- 
ness and size. At each sampling, two peaches were taken from each 
tree, one from the south side, and one from the north side. Analyses 
wer6 made of the samples from each tree. Samples were collected 
every other day, starting about 10 days before picking. The first 
samples were quite green, and the last were over-ripe. All were taken 
from the trees at 8:30 o’clock in the morning. 

The results obtained showed no significant differences in per- 
centage of soluble solids, most of which, presumably, would be sugars, 
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that could be attributed to the differences in irrigation treatments. 
A summary of the results of the determinations of soluble solids in 
the pulp and juice of the peaches for the season of 1918 is given 
in table 18. The results of acid determinations for the season of 1919 
are given in table 19. The amounts of acid found in the juice like- 
wise showed no significant differences. The variations in the rows 
receiving the same treatment were in many cases as great as the 
differences between the rows irrigated differently. 

TABLE 18 

Summary op Percentages op Soluble Solids in Pulp and Juice op Peaches 
PROM MmR Peach Orchard, Davis, 1918 



Datee of 


Dates samples were collected 


Row 

irrigation 

Aug. 9 

Aug. 12 

Aug. 16 

Aug. 22 

' Aug. 26 

1 

No irrigation 

3.43 

4.56 

3.87 

4.30 

3.51 

9 


3.83 

2.97 

3.37 

3.20 

4.37 

Average 


3.63 

3.76 

3.62 


3.94 

3 

May 21 

4.45 

3.99 i 



3.91 

11 

Aug. 12 
Sept. 25 

3.33 

3.00 



3.53 

Average 


3.89 



4.37 

3.72 

. 5 

Apr. 4 

3.55 

3.25 

3.U 

3.62 

3.17 

13 

May 21 

Aug. 12 

3.73 

3.63 

3.23 

3.17 

3.23 

Average 

1 

3.64 

3.44 

3.18 

3.40 

3.20 

7 

July 2 

3.75 

3.21 

3.15 

2.49 

3.72 

15 

Sept. 25 

3.78 


3.47 

3.21 

2.99 

Average 


3.76 

3.14 

3.31 

2.85 

3.36 

2 


4.08 

4.50 

3.38 

3.78 

5.29 

4 

Feb. 4 

! 3.78 

3.73 

2.88 

4.21 

3.33 

6 


3.55 

3.39 

2.83 

2.68 

2.82 

8 


4.07 

3.02 

3.19 

2.84 

3.82 

10 


3.28 

4.61 

3.39 

3.82 

2.76 

12 


3.66 

3.61 

2.77 

2.93 

4.49 

14 


3.83 

2.55 

2.50 

4.04 

3.92 

Average 


8.76 

3.63 

2.99 

3.47 

3.78 
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TABLE 19 

Aom CkyNTBNT of thjb Jxnos of Peaches from Muir Peach Orchard, Davis, 
1919, IN Grams to a Liter op Juice 



Dates of 

Dates samples were collected 

Row 

irrigation 

Aug. 8 

Aug. 11 

Aug. 13 

Aug. 15 

Aug. 17 

1 

No irrigation 

16.89 

12.71 

7.72 

4.29 

4.70 

9 


10.72 

11.26 

9.11 

3.22 

5.63 

Average 


13.30 

11.98 

8.41 

3.75 

5.16 

3 

June 5-6 

11.69 

8.58 

7.72 

4.07 

6.03 

11 


11.79 

9.38 

11.39 

3.75 

3.75 

Average 


11.74 

8.98 

9.50 

3.91 

4.89 

5 

Aug. 4-5 

8.58 


7.51 

4.29 

5.63 

13 


10.72 

13.71 

9.87 

4.51 

4.02 

Average 


9.65 

12.21 

8.69 


4.82 

7 

Sept. 11 

9.65 

11.53 

8.26 


5.63 

15 


11.80 

11.26 

8.26 


4.02 

Average 


10.72 

11.39 

8.26 

4.98 

4.82 


Measurements of Growth op Peach Trees under Different 
Soil-Moisture Conditions 

Beginning with the season of 1919, measurements were made of 
the circumferences of the trunks just above the crown of the tree, 
and of the main branches of the trees near the point where they 
left the trunk. The measurements were taken each time at the same 
place. 

The bark was carefully smoothed before each measurement by 
scraping away with a knife any rough edges which protruded beyond 
the general surfaces of the trunk or branches. Only in one or two 
instances were measurements recorded which seemed to be incorrect. 
The results obtained from the beginning of the season of 1919 to the 
beginning of that of 1922, calculated in square centimeters of area 
of cross-section of the trunks of the trees in the different rows, 
grouped according to the irrigation treatment they received, are 
given in table 20. The average areas of cross-seotion of the main 
branches of the trees for the different rows also were obtained for 
this same period. Since no significant differences were found in the 
measurements for the trees in the different rows, these data are not 
presented. 
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TABLE 20 

Abj^s or Cross-sbction or the Trunks or Muir Pea^ch Trees, Davis 
Measurements in Square Centimeters 


Number 


Season of 1919 


Row of trees 


April 25 

May 15 

June 6 

June 14 
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The peach trees were too large to permit taking length growth 
measurements directly. Estimates were made of the seasonal growth 
each year. With the exception of the year 1920, during which the 
trees in row 9 apparently did not make as good growth as the other 
trees, no apparent differences could be detected. Such estimates on 
trees so large as those under observation, are of doubtful value. 
Tufts®® found high coefficients of correlation between circumference 
of trunk and weight of top, and also between circumference of trunk 
and weight of root, on two-year-old peach trees. This author calls 
attention to the fact that circumference measurements made to deter- 
mine growth ‘^take into consideration only quantitative changes in 
the plant, and pay no regard whatever to qualitative changes. For 
this reason, circumference measurements lose much of their value as 
soon as the trees cease their purely vegetative growth and prepare for 
the production of blossoms and fruit.’’ 

The writer, together with Professor A. II. Hendrickson, of the 
Division of Pomology, made measurements of total length of new 
growth and circumferences of trunk, in an orchard of French prune 
trees adjoining the Muir peach orchard under discussion. Data 
were secured from 195 trees which were being studied to determine 
the variability before starting an irrigation experiment. The trees 
were nursery stock, French prunes on Myrobalan root, planted in the 
orchard in February, 1917. 

Measurements were made at the end of the growing seasons of 1919 
and 1920. The trees bloomed and bore a few prunes in 1920. The 
coefficient of correlation between length growth and area of cross- 
section of trunk in 1920 was 0.74 it 0.026. In January, 1921, the 
coefficient of correlation between length growth and area of cross- 
section was 0.71 it 0.025, and the coefficient of correlation between 
length growth and- increase in area of cross-section was 0.68 it 0.026. 
In each case there was strong positive correlation, indicating that a 
measure which gives the area of the cross-section of the trunk, gives 
a satisfactory indication of the amount of new growth being made 
by prune trees in an orchard for four seasons. 

While measurements of circumferences of trunks may not be an 
exact measure of the growth of older producing trees, the fact that 
no significant differences were found in either the increase in area of 
cross-sections of trunks, or of main branches of the peach trees under 
observation, may indicate that there was no difference in growth 
due to different soil-moisture conditions. Figure 21 graphically 
illustrates the data given in table 20, and shows that no significant 
difference in rate of increase in the cross-sectional area of the trunks 
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under the different treatments occurred from April, 1919, to January, 
1922. 

A record of the growth made by trees in the different rows was 
obtained by a photographic method which will be described in detail 
elsewhere. Comparisons made between measurements taken from 
photographs made at different times show there was no significant 
difference in the growth of the trees in the different rows with the 
exception of the season of 1919-1920, an unusually dry season during 
which trees in the unirrigated rows were wilted for a long period. 

Discussion of Results 

These studies with peach trees lead to the same general con- 
clusions reached in the studies with the Santa Clara Valley prune 
orchards. Differences could not be observed in trees growing on 
soil with high moisture content and those growing on soil with low 
moisture content until the soil-moisture supply had been reduced to 
a condition corresponding to the calculated wilting coeflScient. 

The yields from the non-irrigated trees in rows 1 and 9 in 1917, 
1918, 1920, and 1922, were less than those from the irrigated trees. 
The soil-moisture content in each of these years was reduced to the 
wilting coefficient early in the season and the trees remained in a 
wilted condition for a long time. There appear to be no significant 
differences in yields from the trees in the rows under the different 
irrigation treatments. 

.The size of the peaches did not seem to be affected by irrigation 
near the time of picking. Likewise, the quality as measured by the 
amount of water in the fruit was not influenced by a high moisture 
content in the upper 6 feet of soil near the time of ripening. Further- 
more, the results of the determinations of the amount of soluble 
solids, most of which were sugars, and the acid content, though based 
on so few samples from each tree, also indicate that the quality of 
the fruit was not materially influenced. 

As in the case with the mature prune trees, it was noted that these 
peach trees always wilted when the moisture supply of the first 6 feet 
of soil had been reduced to the wilting coefficient even though the soil 
below this depth was moist. It appears, then, that the number of 
roots below the 6-foot depth was not sufficient to keep the trees from 
wilting. However, except during the season of 1920 when the trees 
in the unirrigated rows were badly wilted and largely defoliated 
toward the end of the season, some turgid leaves would be found on 
the wilted trees even though the upper 6 feet of soil were dry. 
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The moisture content of the soil was not reduced to the same 
relative degree of dryness by these peach trees as by the mature prune 
trees. The lowest moisture content found in any of the plots in the 
Muir peach orchard was 7.5 per cent in August, 1920. The wilting 
coeflBcient of the soil in this plot is 8.8 per cent and the hygroscopic 
coefficient is 7.5 per cent. 

The range of soil-moisture content for the soil of the plots in the 
Muir peach orchard between the maximum field or capillary capacity 
and the wilting coefficient is approximately 10 per cent. This is 
equivalent to about 9.5 acre-inches of water in 6 feet of soil. The 
fluctuations of water supply between these limits in this depth of 
soil did not seem to influence the growth of the trees. 

The set of fruit buds did not seem to be influenced by the appli- 
cation in the fall of sufficient water to raise the upper 6 feet of soil 
to its maximum capillary capacity. 

The use of water by trees and the eflFect of the maintenance of the 
soil-moisture supply between different ranges is discussed in the 
following section. 
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SECTION m 


STUDIES OP TREES GROWN IN CONTAINERS UNDER 
CONTROLLED SOIL-MOISTURE CONDITIONS 


The need for more definite information concerning the effect of 
different soil-moisture conditions on deciduous fruit trees and the 
use of water by these trees under these different conditions is appar- 
ent when an interpretation of the results obtained in the Santa Clara 
Valley and Muir peach orchard studies reported in the two foregoing 
sections is attempted. For this reason the studies* reported in this 
section were undertaken. Studies of plants grown in tanks or 
potometers have been numerous, and the number of papers dealing 
with this subject is large. The work of Briggs and Shantz,^® Kissel- 
bach,®® and Fowler and Lipman,®^ are typical with respect to methods 
and equipment used. The studies reported herein are similar to these. 

Trees were grown in large galvanized-iron tanks varing in size 
from 23.5 to 27.08 inches in diameter, and from 4 to 6 feet deep, 
holding from 1000 to 2000 pounds of moist soil. Each tank was pro- 
tected with a tight fitting cover having a central opening for the 
trunk of the tree. The annular space between the trunk of the tree 
and the central opening in the cover was filled with absorbent cotton. 
The absorbent cotton extended a short distance up the trunk of the 
tree. A piece of oiled-cloth was tied around the absorbent cotton and 
trunk of the tree and sealed to the outside of the cover with an 
asphaltic roofing paint. The loss of water was thus confined almost 
entirely to that through the leaves, and rain water was entirely 
excluded. 

Different kinds of deciduous fruit trees were grown in these 
tanks, but only the results obtained from the tests with French prune 
trees will be presented. The trees were standard nursery stock, 
grown on Myrobalan rootstock. They were from 3 to 4 feet high 
at the time of planting and were two years old. 

* Professor A. H. Hendrickson of the Division of Pomology, Universily of 
California, has collaborated to a very substantial degree in the work on which 
this section is based. He has also very kindly read the manuscript and offered 
helpful suggestions, for all of which acknowledgment is gratefully extended. 
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Method of Packinq the Soil in the Tanks and Planting 

THE Trees 

The soil was placed in the tanks in layers corresponding to those 
it occupied in place in the field, and was packed so that the volume 
weight or apparent specific gravity was the same as the volume weight 
of the undisturbed soil. The volume weight of the field soil at Davis 
was 82 pounds to a cubic foot, while that of the soil at Mountain 
View was 90 pounds to a cubic foot. The tanks were coated with 
cement mortar, leaving a very rough surface, in order to secure a 
closer contact of the soil* with the sides of the tanks. The mortar 
was brushed on the inside of the tanks so that horizontal ridges were 
formed when the cement set. When the soil was packed in the tanks 
so treated, it was possible to add water to the surface of the soil in 
the tanks with little downward movement around the sides of the 
tank. It was found that an even distribution of the water applied 
could be secured in this way. 

All of the tanks were provided with means to drain them. In 
most, especially the older tanks, a pet-cock was fitted to the bottom 
and a screen and layer of gravel about 1 inch in thickness were placed 
in the bottom before packing. The newer tanks, these 27.08 inches 
in diameter and 72 inches deep, were constructed with a chamber at 
the bottom with a pet-cock to collect any drainage water. However, 
it is of interest to note that only in one or two instances was water 
found collected at the bottom of the tanks. This indicates that the 
water used for the irrigations was not in excess of what the soils 
could hold. Samples taken after irrigation showed that the soil was 
wet throughout the full depth of the tanks. 

The first lot of trees was planted in the tanks at Davis on April 
15, 1919, and were grown there until October, 1920, when they were 
moved to the Deciduous Fruit Station of the University of California, 
at Mountain View, in the Santa Clara Valley. These trees were 
planted in soil which is classed as Yolo loam. The tanks had been 
filled with this soil in 1912, and alfalfa had been grown in the tanks 
for five years. Before the trees were set in the tanks, the alfalfa 
plants and the soil to a depth of about 10 inches were removed and 
the roots screened out of the soil. The soil was then replaced and 
tamped to the same compactness in all of the tanks. The weight of 
the empty tanks, and the weight of the water-free soil in each tank 
was known. ' The percentage of moisture in the soil could be calcu- 
^lated from the weights of the tanks at any time. 
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Fig. 21. Equipment for water-relation and evai)oratiou studies installed 

at Davis. 
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The second lot of French prune trees was planted in the tanks 
at Mountain View on April 14, 1921. The soil used in these tanks 
was taken from a cherry orchard of about 25 years of age, the trees 
of which were growing vigorously, and which produced good crops 
in years when water was applied. This soil is classed as Yolo clay 
loam with gravel. 

The soil adhering to the roots of the trees was washed away and 
the trees were pruned to whips about 20 inches high. The tanks were 
placed in trenches in order to prevent heating of the soil from 
exposure to the direct rays of the sun. To protect the tanks further 
from undue heating, the compartments of the trenches in which the 
tankis were placed were fitted with planks or sheathing cut tO fit 
around the tanks. The equipment and its installation, after it had 
been moved to Davis in 1923, is illustrated in figure 21. The photo- 
graph was taken before the protecting sheathing was placed^ around 
all of the tanks. The trenches, which were arranged along the sides 
of an 8-foot concrete platform, were 3 feet wide and 4% feet deep 
for the smaller tanks, and 3^^ feet wide and 6^^ feet deep for the 
larger tanks. The trenches were lined with 1-inch redwood planks 
nailed to framed bents or supports constructed of heavy timbers. 
The bents were spaced 41% inches, center to center, which was the 
distance from one front wheel of the portable weighing derrick, to 
the other front wheel. Cleats were nailed to the tops of the bents, so 
that when the derrick was rolled onto them, the front wheels would 
stop at a position such that the hook on the weighing scales would 
be exactly over the center of the tanks. 

Samples of soil in 1-foot depths were taken from each of the tanks 
containing the Yolo loam from Davis, and duplicate moisture equiva- 
lent determinations were made on each sample. Samples were taken 
at four places in each tank. The average moisture equivalent was 
found to be 22.0 per cent. Samples taken from the tanks containing 
the Yolo clay loam from Mountain View, also had an average moisture 
equivalent of 22.0 per cent. The Yolo clay loam samples, however, 
showed much greater variation in the value for the moisture equiva- 
lent than the samples of Yolo loam. 

Metuod of Weighing the Tanks * 

The method of using the portable derrick is illustrated in figure 21. 
Two suspension scales were used throughout the tests, one for the 
smaller tanks weighing less than 1500 pounds, and one for the larger 
^tanks weighing in excess of 2000 pounds. These scales were carefully 



J an., 1927] Veihmeyer : Factors Affecting Irrigation of Deciduous Orchards 191 

adjusted before any weighing were made, and checked against a 
master weight of 386 pounds. The scales gave satisfactory weights 
to within one pound. Weights of one pound placed on a tank while 
it was being weighed would be accurately recorded on the beam of 
the scales. 

The portable derrick could be lengthened by the addition of an 
extension frame to permit tanks deeper than 6 feet to be moved from 
one compartment of the trench to another. Different sized weighing 
bales accommodated the derrick to the different sized trees to be 
weighed. However, in weighing, it was not necessary to lift the 
tanks out of the trench. It was only necessary to raise the tank a 
few inches until it swung clear of the bottom. The portable derrick 
with the scales and bales weighed almost a ton. However, it could 
be readily moved about the platform. It was possible to weigh 50 
tanks within one hour with this apparatus. The weighings could be 
made on days with moderate winds which would prohibit weighings 
if the tanks had to be lifted out of the trenches. Most of the weigh- 
ings were made early in the morning. 


Distribution of Soil Moisture in the Tanks 
AND Method op Applying Water 

In the many experiments which have been made to determine the 
effect of variation in soil-moisture content upon plant growth, water 
has been added to the soil in different ways. Some have applied all 
of the water from above, others from below. In still other attempts, 
the applications have been made by means of specially arranged, 
perforated pipes. In the containers supposed to have a relatively 
low moisture content throughout the entire mass of soil there is 
evidence that the water applied was not uniformly distributed. 

It is the belief of the writer that dependence upon capillary forces 
to bring about a uniform distribution in the soil of the water applied 
at any point has caused many erroneous conclusions to be drawn 
from water relation studies.* Attempts made during the present 

*A paper (Shantz, H. L., Soil moisture in relation to the growth of crop 
plants. Jour. Am. Soc. Agron., 17: 705-711. 1925), has appeared since this manu- 
script was prepared, in which the author expresses the same opinion, for ho 
statM : ^ ^ Because of the peculiarities in the distribution of moisture in soils much 
of the work on the effect of varying water content on growth of crop plants, 
fungi, and bacteria, on the effect of varying water content on transpiration, wa^er 
requirement, or the physical functions of the plant is entirely unreliable and will 
have to be repeated when conditions are known or better understood.’' 
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investigation to maintain a soil-moisture percentage less than that 
which the soil would hold against the force of gravity, the maximum 
field or capillary capacity, have met with failure in every case. Dur- 
ing the course of these studies numerous trials were made, both with 
soils in tanks and with field plots, to maintain moisture contents less 
than the amounts of water the soils will hold against gravity, but it 
was found to be impossible to bring about relatively low moisture 
contents in the soil. 








Jan., 1927] Veihmeyer : Factors Affecting Irrigation of Deciduous Orchards 193 


An appreciation of the significance of this fact is vital to the 
proper interpretation of the results of water-relation studies with 
plants grown in containers, as well as in field plots. While the 
distribution of moisture by capillary action will be taken up in a 
later section, the following discussion may be helpful at this point. 
A picture of what actually takes place when water is applied to dry 
soils is given in figure 22. A trench was cut in a field of Yolo loam 
soil at Davis just after a rainfall of 2.15 inches. The field was level, 
and had produced a crop of barley the previous summer which had 
reduced the moisture content of the soil to an amount between 9 and 
10 per cent. A system of coordinates was marked off on the face 
of the trench and samples were taken at the places indicated in 
figure 22. The line separating the moistened soil from the dry soil 
was sharply defined. The moisture content of the samples was deter- 
mined, and the moisture equivalent determinations were then made 
on soil from these samples. The close agreement between the per- 
centages of moisture, found in the moistened area, and the moisture 
equivalent is clearly shown in figure 22. There was an immediate 
drop in the ratio of the percentage of moisture to the moisture equiva- 
lent in the samples taken below the line of demarcation of wet and 
dry area. In all of the studies of the distribution of moisture after 
irrigation, this condition invariably has been observed. An applica- 
tion of a certain amount of water to a soil results in the wetting of 
that soil to its maximum field capacity to a definite depth, which 
depends upon the water holding capacity of the soil, and the initial 
moisture content. 

Relatively small amounts of w’^ater applied to the surface of the 
soil in a tank in which a plant is growing will affect only the soil- 
moisture content to the depth of soil which can be raised to its maxi- 
mum field capacity by this amount of water. The rate of extraction 
of moisture by the plant w^ould usually be such that the moisture 
supply would be depleted long before additional downward movement 
could take place even if further capillary movement of moisture 
from the moist to the drier soil w^ere appreciable in extent as some 
investigators assume. Alway and McDole® are two of the few investi- 
gators who have studied the downw’^ard penetration of definite amounts 
of water in soils and have considered the relative water retentiveness of 
the soils. These investigators found from the study of the downward 
movement of one inch of water applied to soils in glass cylinders 
about three inches in diameter that the applied water seemed to reach 
equilibrium at the end of five days in the finer-textured soils, but in 
the coarser ones it continued to move downward for a longer time. 
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However, the downward movement, in all cases, was relatively slow 
after the first hour, and in most cases, over 50 per cent of the move- 
ment which occurred in five days took place within the first hour after 
the water was applied. These investigators also pointed out that the 
moisture content of the moistened layer showed a rather constant 
relation to both the hygroscopic coefficient and the moisture equivalent. 

In all of the soil-moisture studies made in connection with the 
work reported herein, such an agreement has been found immediately 
after irrigation, which in the loam soils used in these experiments 
was between 24 and 48 hours after irrigation, between the moisture 
content of the soil to the depth wetted and the moisture equivalent, 
that it is believed the latter can be used as a measure of the field 
capacity of these loam soils. Results of trials with the Yolo loam 
and the Yolo clay loam, used in the tanks, show that water in amounts 
sufficient to raise a certain depth of soil to a percentage equal tg the 
moisture equivalent, resulted in wetting the soil to the desired depth. 
It is possible that there may be subsequent downward movement of 
moisture which continues for a long time and which results in an 
increase in moisture with increase in depth of soil when equilibrium 
is reached, as Israelsen and West®^ seem to show does occur, and 
which Gardner^® thinks theory demands. However, in all of the tests 
made during these trials with the loam soils, there seemed to be a 
uniform distribution of moisture throughout the depth wetted. The 
extraction of moisture by plants on cropped soils was always suf- 
ficiently rapid to reduce the moisture content before further down- 
ward ’movement could be detected. 

An amount of water was applied at each irrigation which would 
bring the moisture content of the soil to the desired depth up to the 
moisture equivalent or to the field capacity. It was found that in 
no case, either in the tanks with growing trees or in the field plots, 
could there be maintained a pre-determined moisture content less 
than the maximum field capacity of the soil. Therefore, the variation 
in soil-moisture conditions in these experiments was between the 
moisture equivalent, or the field capacity, and a certain minimum. 
For instance, a series of tanks was irrigated so that the soil-moisture 
content was maintained between 22 per cent, the field capacity, and 
16 per cent. The tanks were irrigated when the weight of the tank 
indicated that the moisture content of the soil had been reduced to 
16 per cent; others were irrigated when the moisture supply was 
reduced to the wilting coefficient, and so on. Therefore, instead of 
attempting to maintain a definite amount of moisture in the soil, the 
moisture content was allowed to fluctuate through a definite range. 



J an., 1927] Veihmeyer ; Factors Affecting Irrigation of Deciduous Orchards 195 



Fig. 23. Prune tree on soil with a water table 2% f<^t from the surface. 
Photographed in the fall. 


196 


HUgardia 


[Vol. 2, No. 6 


The graphs of the soil-moisture conditions in the Santa Clara orchards 
and the Muir peach orchard at Davis show this to the the actual 
condition in a growing orchard. The moisture supply may be kept 
above any desired minimum, and that is all that can be accomplished. 

The surface of the soil in the tanks was kept level, and all of the 
water was applied on the surface. The soil was kept in close contact 
with the sides of the tanks so that there would be no downward move- 
ment around the sides of the tank. In this manner a uniform depth 
of penetration was obtained. A slide in the cover could be removed 
to permit the water to be applied from a hose. The tanks were 
irrigated with tap-water from the domestic water supply. The 
amount of water added was weighed on the suspension scales and 
recorded in pounds. 

In some of the tanks containing the trees, a water table was main- 
tained at 2% feet below the surface of the soil. This arrangemetit is 
illustrated in figure 23. An outer tank, serving as a reservoir, was 
supported around the inner tank w^hich contained the growing tree. 
Water was added to the reservoir through the filling tube. A gage 
attached to a float was placed in the tube and the position of the 
gage indicated the position of the water table. The inner tank was 
perforated with many small holes to permit entry of the water. 
The annular space between the reservoir and the inner tank was 
covered with several thicknesses of oiled-cloth, which were securely 
sealed to both tanks by a coat of asphaltic roofing paint. This pre- 
vented the entrance of rain, and also prevented evaporation from 
the surface of the water in the reservoir. 


Root Systems of Trees Grown in Tanks 

Apparently Myrobalan root stock is well adapted to water-logged 
soils, since the trees growing in the tanks with a high water table 
showed no ill eflects, appearing to be vigorous and healthy at all 
times. Prune trees on Myrobalan roots growing in water-logged soil 
in tanks for three seasons showed no injury. The root system of 
tree No. 1, which had been in soil with a water table 2^^ feet from 
the surface, during the previous growing season, is illustrated in 
figure 24. The soil was washed from around the roots of the tree, 
and the tree was carefully removed from the tank. The soil was 
thoroughly permeated with roots and there was a matted mass of 
roots below the plane where the water had been maintained. The 
great mass of roots which grew below the water surface is clearly 
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shown in Ague 24. At the time the tree was removed from the tank, 
these roots were making growth. The typical condition of the root 
systems of trees grown in soils in the tanks normally irrigated is 
shown in figure 25. This is a photograph of tree No. 22, for which 
data are presented in the following pages. 



Fig. 24. Tree No. 1, French prune on Myrobalan root, grown with a water 
table 2% feet from the surface. Lower matted mass of roots grew below the 
water surface. Trunk and branches weighed 3% pounds, roots 4% pounds. Tree 
planted in tank April 15, 1919; photographed January 31, 1923. 

The root systems of all of the trees except those in water-logged 
soil were found to be similar to that illustrated in figure 25. The 
soil was permeated with roots and the trees were pot-bound. Un- 
doubtedly this condition influenced the growth of the trees and 
resulted in much less growth being made than under normal field 
conditions. However, since the tests were designed to indicate only 
the relative use of water and the response to different soil-moisture 
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conditions, this was not a disadvantage. The calculation of moisture 
present in the soil at different times usually was based upon the total 
weight of water-free soil in the tanks. Therefore, it was essential that 
all of the soil be penetrated by the roots of the trees at the time the 
tests were made. The calculated percentage of moisture was the 
average moisture content of the entire soil mass, and if there had 
been portions of the soil unoccupied by roots, or in which there was 
relatively few roots, these portions would have a higher moisture 
content than the calculated average. The moisture percentages cal- 
culated from the known weight of dry soil in the tanks were checked 
at times by taking soil samples from the tanks with a soil tube and 
the percentages of moisture obtained in these two ways usually 
agreed. 

As mentioned before, it has been found during these studies that 
the capillary movement of moisture in these loam soils is very 'slow, 
and as the soil-moisture content decreases, the movement becomes 
practically negligible, resulting in little readjustment of moisture 
in the soil. The result is that the tree may not be responding entirely 
to a soil-moisture content calculated to be the average, if the soil in 
the container be not thoroughly permeated with roots. The pot- 
bound condition of the trees was therefore an advantage. 

Weaver, Jean, and Crist, studying the developments of the roots 
of plants grown in containers, also find that ^Hhe movement of water 
by capillary plays a rather unimportant role in replenishing water 
at the various levels from those adjacent. Briggs and Shantz^** 
recognized uneven root distribution and lack of adjustment of the 
soil-moisture content through capillary movement as a source of error 
even in the very small containers in which they grew seedlings. 


Climatological. Measurements 

Climatic conditions were measured by means of maximum and 
minimum thermometers, a hygrothermograph, and a hygrodeik ex- 
posed in a standard shelter about 4 feet above the ground surface, 
an anemometer set about 4 feet above the ground surface, a pyschro- 
meter, a rain gage, and an evaporation tank. The evaporation tank 
was 3 feet in diameter and 3 feet deep, set in the ground 2.75 feet. 
The evaporation was read with a hook-gage to 0.01 inch. The 
evaporation tank, its construction and the manner of reading, were 
similar to the evaporation tanlcs and methods used by Sleight,*® who 
showed the relative evaporation for tanks of various sizes and under 
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different conditions. Briggs and Shantz^* point out that although 
the evaporation from a deep tank showed practically no correlation 
with transpiration when hourly values were considered, a discrepancy 
which results from the storage of heat energy in the large mass of 
water during the day, there is a correlation between the daily evapora- 
tion from a deep tank and daily transpiration. 



Fig. 2t5, Tree No. 22, French prune on Myrobalan root, normally irrigate<l. 
Trunk and branches weighed 3% pounds, roots 4^^ pounds. Tree was planted in 
tank on April 15, 1919; photographed January 30, 1923. 

Since the greater part of the experiments were conducted during 
1922, some of the measurements of the climatic conditions at Moun- 
tain View for the growing season of this year, are summarized in 
table 21. 
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TABLE 21 

Summary of Climatological Measurements at Mountain View, During 
THE Growing Season, 1922 


Month 

Days 

(inclusive) 

Temperatures 

Precipi- 
tation 
total for 
5-day 
period 

Evapora- 

tion 

total for 
5-day 
period 

Average 
wind 
velocity 
per hour • 

Average of 

Maxi- 

mum 

Mini- 

mum 

Means 

Maxi- 

mums 

Mini- 

mums 



^ F. 

^•F. 

^F. 

“F. 

“F. 

Inches 

Inches 

Miles 


1- 5 

47 

59 

35 

64 

31 

.30 

.36 

2.8 


6-10 

49 

60 

38 

63 

32 

.14 

.36 

2.8 

March 

11-15 

48 

58 

37 

63 

31 

.43 

.20 

2.2 


16-20 

49 

62 

36 

72 

33 

.25 

.39 

^ 1.6 


21-25 

52 

64 

41 

67 

36 

.04 

.26 

1.8 


26-31 

54 

63 

44 

64 * 

37 

.19 

.36 

2.4 


1- 5 

54 

67 

40 

75 

38 


.55 

2.4 


6-10 

60 

76 

43 

70 

30 


.70 

2.8 

April 

11-15 

43 

59 

37 

62 

33 

.08 

.59 

3.5 


10-20 

52 

71 

33 

79 

31 


.85 

2.1 


21-25 

53 

67 

39 

74 

36 


.66 

1.7 


26-30 

54 

72 

35 

79 

34 



.88 

1.7 


1- 5 

62 

83 

41 


40 


.89 

1.6 


6-10 

53 

65 

41 

73 

39 

.28 

.69 

2.3 

May 

11-15 

66 

89 

44 

96 

36 


.89 

2.3 


16-20 

64 

73 

54 

77 

,50 

.05 

.82 

1.7 


21-25 

56 

73 

40 

79 

38 


1.11 

2.4 


26-31 

60 

78 

43 


36 


1.26 

1.4 


1- 5 

59 

72 

46 

74 

41 


.81 

1.4 


6-10 

63 

75 

51 

79 

43 

.03 

.92 

2.7 

June 

11-15 

63 

74 

52 

85 

45 


.97 

2.5 


16^20 

66 

86 

46 

96 

44 


1.21 

1.3 


21-25 

67 

87 

47 

97 

45 


.93 

1.3 


26-30 

66 

76 

56 

89 

54 


1.38 

1.6 


1- 5 

68 

80 

57 

86 

50 


1.11 

1.2 


6-10 

66 

77 

55 

80 

48 


1.16 

1.3 

July 

11-15 

68 

80 

55 

92 

50 


1.23 

1.3 


16-20 

66 

79 

52 

84 

50 


1.15 

1.2 


21-25 

60 

73 

46 

75 

41 


1.45 

1.3 


26-31 

64 

80 

48 

85 

45 


1.30 

1.0 
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TABLE 21 — (Continued) 


Month 

Days 

(inclusive) 


Teniijeratnres 


Precipi- 
tation 
total for 
5-day 
period 

Evapora- 

tion 

total for 
5-day 
period 

Average 
wind 
velocity 
per hour 

Average of 

Maxi- 

mum 

Mini- 

mum 

Means 

Maxi- 

mums 

Mini- 

murns 




^ F. 

^ F. 

" F. 

“ F. 

Inches 

Inches 

Miles 


1- 5 

64 

76 

52 

80 

48 


1.03 

1.1 


6-10 

62 

79 

46 

90 

44 


.97 

1.1 

August 

11-15 

64 

81 

48 

83 

42 

■ 

1.13 

2.4 


16-20 

62 

77 

47 

82 

45 


1 05 

1.5 


21-25 

62 

77 

46 

87 

43 


1 02 

1.1 


26-31 

66 

82 

49 

95 

45 


1.26 

1.1 


1- 5 

64 1 

82 

47 

90 

46 


.87 

1.1 


6-10 

70 

92 

49 

100 

51 


.83 

1.0 

Hoptemher 

11-15 

72 

88 

56 

92 

51 


.91 

.7 


16-20 

66 

8:1 

49 

95 

53 


.72 

.6 


21-25 

64 

81 

46 

85 

43 


.76 

.8 


26-31 

62 

80 

43 

86 

37 


.76 

.8 


1- 5 

60 

72 

48 

74 

41 

.20 

.33 

1 1 


6-10 

61 

74 

48 

79 

44 

.33 

.36 

1.2 

October 

11-15 

58 

69 

46 

75 

42 


.45 

.7 


16-20 

58 

72 

45 

80 

38 


.38 

. 5 


21-25 

60 

81 ! 

39 

88 

37 


.48 

.4 


26-31 

62 

76 

47 

70 

31 

.43 

.38 

.9 


1- 5 

48 

63 

34 

68 

31 


.;37 

.9 


6-10 

53 

59 

47 

60 

40 

1.33 


1.2 

Noveni})er 

11-15 

49 

64 

34 

67 

30 


.30 

.4 


16-20 

50 

60 

39 

65 

33 


.15 

3 


21-25 

50 

66 

34 

70 

32 


.19 

2 


26-31 

46 

59 

33 

66 

28 


.22 

.6 
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Use of Water by Prune Trees in Soils with Varying Ranges of 

Moisture Content 

The moisture treatment of the soil on which the trees had been 
growing up to the beginning of the season of 1922 had been sub- 
stantially the same in all cases. In 1922, at Mountain View, the 
moisture content of some of the soils was allowed to fall below that 
of others, and the soil in some of the tanks was water-logged. A water 
table was constantly maintained at 2^ feet from the surface of the 
soil in the water-logged tanks. In addition to supplying water to 
the outer reservoir through the filling tube shown in figure 23, water 
was applied at frequent intervals during the season to the surface 

^ ^ t 

of the soil in these water-logged tanks. 

Some of the trees were irrigated throughout the growing season 
when the moisture supply had been reduced to 16 per cent. Others 
were irrigated in this manner until the middle of August, and were 
then allowed to lower the soil-moisture content. In some cases, the 
soil-moisture content was allowed to fall to about the wilting co- 
efficient before water was applied. Table 22 summarizes the use 
of water for the season of 1922 by some of the trees, grouped accord- 
ing to the irrigation treatment. The water transpired is assumed 
to be the total amount of water used by the plant. The amount of 
water retained in the plant and that used in its metabolism are so 
small in comparison with the amount of water transpired that they 
may be disregarded here. 

The data in table 22 indicate the relative use of water by the 
prune trees in soils in which the range of moisture content varied. 
The use of water under high soil-moisture conditions can be com- 
pared with that under relatively low soil-moisture conditions. Such 
a comparison can best be made on the basis of use of water to a unit 
of leaf area. If there is a moisture condition optimum for growth or 
one above or below which the use of water by the trees is materially 
affected, it should be indicated by the use of water by trees under 
the different soil-moisture conditions maintained in these tanks. 
Obviously, a much more direct method would be to maintain definite 
moisture percentages in the soil rather than to allow the soil-moisture 
content to fluctuate. However, for the reasons previously stated this 
was found to be impossible. 



203 


J on., 1927] VeUmeyer : Factors Affectmg Irrigation of Deciduous Orchards 



< 


TABLE 22 

The Use of Water in Pounds During the Growing Season of 1922 by French Prune Trees Grown in Tanks at 
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Trees, 3, 6, and 9, which were planted on April 15, 1919, in the 
tanks containing Yolo loam soil from Davis, were irrigated when the 
soil-moisture content was reduced to about the wilting coefficient. 
The tanks containing these trees were 23 inches in diameter and 
48 inches in depth. The trees w^ere allowed to wilt a few times (see 
plate 1, figure 1). Tree 9 was irrigated when the soil-moisture con- 
tent was reduced to the wilting coefficient, but on June 16, all of the 
leaves on the tree were removed in order to measure the loss of water 
from the bare limbs. The use of w’ater by this tree after June 16 is 
not included in the average of trees 3, 6, and 9. 

Tree 1, which was planted on April 15, 1919, in a tank 23 V 2 
inches in diameter by 48 inches in depth, containing Yolo loam, was 
grown in water-logged soil during 1922. A water-table was main- 
tained at 2 y 2 feet from the surface of the soil, and in addition w^ater 
was applied to the surface. The use of water by tree 1 is listed in 
table 22 separately from that of trees 12 and 14, which were treated 
in the same manner as tree 1, but which were younger trees. Trees 
12 and 14 were planted on April 14, 1921, in tanks containing Yolo 
clay loam. These tanks were 26 inches in diameter and 48 inches 
deep. 

Trees 5 and 7 were planted on April 14, 1921, in tanks 26 inches 
in diameter and 48 inches in depth, containing Yolo clay loam. These 
trees were grown in soil kept above 16 per cent moisture until about 
the middle of August, when the soil-moisture content was allowed 
to fall to about the wilting coefficient. 

Trees 15, 17, and 18 were of the same age and were treated in 
the same manner as trees 5 and 7. However, these Avere grown in 
larger tanks, the dimensions being 27.08 inches in diameter and 72 
inches in depth. Since Kiesselbach^® has suggested that the size of 
the tank may influence the water requirement of plants, the data 
for these trees are listed separately from those for trees 5 and 7. 
However, it should be noted that within the range of sizes of tanks 
used in these experiments, no diiferences in the use of water to the 
unit of leaf area were found. Trees 15, 17, and 18 were grown in 
soil with a moisture content above 16 per cent until about the middle 
of August. These trees were allowed to wilt several times. The 
wilted condition of trees 15 and 17 on October 18, 1922, is illustrated 
in plate 2, figure 1. 

Trees 16, 19, and 20 were grown in soil which was kept above 
16 per cent moisture content throughout the growing season of 1922. 
These trees were planted on April 14, 1921, in tanks 27.08 inches 
in diameter, and 72 inches in depth, containing Yolo clay loam. 
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Trees 4 and 13 were planted on April 14, 1921, in tanks 26 inches 
in diameter by 48 inches in depth, containing Yolo clay loam. Tree 
21 was planted in the same soil on the same date but the tank 
was 27.08 inches in diameter and 72 inches in depth. These trees 
were irrigated when the moisture content fell to about the wilting 
coefficient. 

Information concerning the dates on which some of these trees 
were allowed to wilt, and the soil-moisture percentage at the time 
of wilting, compared to the theoretical wilting coefficient is given in 
table 27. 

The area of the leaves on the trees was obtained from the average 
measurements of several hundred leaves on different trees of the 
same age, and which were growing in soil maintained within the 
same range of moisture content. The average area of a leaf on the 
younger trees was 5.21 square inches; the average of the leaves on 
the older trees was 2.07 square inches. The total leaf area for each 
tree was found by multiplying the total number of leaves on each 
tree by this average area. 

The use of water per unit of leaf area given in table 22 is not 
strictly correct for the spring and fall months. Few leaves were 
formed on the trees in the early spring, and many leaves dropped 
in the fall. The leaf area used as a basis for comparison is that 
measured about the middle of June. Measurements of leaf area 
before and after this period showed little change from May 15 to 
September 1. Furthermore, some of the trees were allowed to w’ilt 
after September 1 and consequently were partially defoliated. If 
it is assumed that the leaf area of the different trees in the fore part 
of the season was proportional to the maximum area measured in 
June, the data in table 22 for this period may be of value. 

These data indicate that the use of water by these trees was 
not materially affected by the percentage of moisture in the soil. 
However, as will be presently shown, there was a very noticeable 
effect w^hen the soil-moLsture supply was reduced below the wilting 
coefficient. 

It is assumed that the growing season of 1922 extended from 
March 1 to November 4, for on the latter date most of the leaves 
on the trees had matured or had wilted and dropped. The total use 
of water for the season of 1922 by the trees planted April 14, 1921, 
is given in table 23. Since some of the leaves on certain trees had 
dropped after September 25, the loss of moisture from March 1 to 
September 25 is listed, and is used in the calculations. The ratio 
of loss of water to leaf area, is recorded as loss in pounds to the square 
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inch of leaf area, and the ratio of the length growth made during the 
season of 1922 to the loss of water is recorded as the inches of growth 
for each pound of water used. The leaf area used for each tree was 
measured in June after length growth of the twigs had ceased. 

The uniformity of the ratios of water loss to leaf area and new 
length growth is striking. The moisture content of the soil in which 
these trees were grown varied between wide ranges, yet the use of 
water by the trees was not materially affected. The use of water 
under similar atmospheric evaporating power seemed to be deter- 
mined by leaf area. Tree 6, one of the older trees, showed a ratio 
of water loss to leaf area of 0.287 for the season of 1921, and in 1922 
this ratio was 0.250, an agreement which is remarkably close. 


TABLE 23 

Use of Water by Young French Prune Trees Grown in Tanks at 
Mountain View. Season or 1922 


Number of 
tree 

Length of 
growth in 
inches 

Number 
of leaves 

Leaf area 
in square 
inches 

Water used 
per season, 
March 1 to 
Nov. 4, 
pounds to 
a tree 

Water used 
fromMarch 
1 to Sept. 
25, pounds 
to a tree 

Loss of 
water to 
the square 
inch of 
leaf area 

Inches of 
growth for 
each pound 
of water 
used 

4* 

536.0 

756 

3950 

902 

782 

0.198 

0.685 

5t 

348.0 

394 

2098 

541 

499 

0.237 

0.698 

7t 

403.5 

346 

1799 

688 

626 

0.347 

0.644 

12t 

214.0 

239 

1244 

378 

316 

► 0.254 

0.678 

13t 

363.25 

474 

2476 

634 

544 - 

0.220 

0.666 

14t 

221.0 

253 

1317 

388 

328 

0.249 

0.673 

15t 

333.0 

316 

1644 

464 

427 

0.259 

0.778 


365.0 

510 

2653 

703 

572 

0.215 

0.638 

17t 

372.25 

451 

2347 

647 

587 

0.250 

0.634 

m 

185.0 

154 

803 

302 

261 

0.325 

0.709 

m 

491.0 

627 

3260 

811 

712 

0.218 

0.690 

20t 

697.5 

828 

4305 

1171 

1020 

0.237 

0.683 

2U 

351.0 

398 

2070 

592 

508 

0.245 

0.690 

Average 

375.42 

442 

2305 

632 

552 

0.250 

±0.007 

0.682 

±0.001 


* Grown in tank 23^ inches in diameter and 48 inches in depth, 
t Grown in tanks 26 inches in diameter and 48 inches in depth. 

I Grown in tanks 27.08 inches in diameter and 72 inches in depth. 


CoefBcients of correlation were calculated from the data given in 
table 23 for the relation of use of water to leaf area and for the 
relation of use to length growth made during the current season. 
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The coefficient of correlation between water loss and leaf area is 
0.97 zh 0.11. The coefficient of correlation between water loss and 
length growth is 0.995 0.002. Coefficients of correlations with such 

high values as these, and so much greater than their probable errors, 
may be considered to be decidedly significant. It may, then, be safely 
said that the use of water by these young prune trees grown in clay 
loam soil in tanks, under the conditions prevalent at Mountain View, 
has not been materially influenced by the differences in amounts of 
water available for growth, and that optimum moisture conditions 
for growth cover a range of soil moisture from the maximum field 
or capillary capacity to about the wilting coefficient. Fowler and 
Lipman,^^ likewise, have suggested that the range of soil-moisture 
percentages within which young Lisbon lemon trees will grow satis- 
factorily in the loam soil studied by them is, relatively speaking, a 
wide one. However, the lower limit set by them is much higher than 
that observed in these studies. The maintenance of the lower per- 
centages of soil moisture in the tanks used by these investigators 
may not have been uniform throughout the soil mass. The soil in 
the tanks containing the lemon trees which received the lesser amounts 
of water may have been wet to slight depths at each application of 
water instead of the entire soil mass being raised to the desired 
percentage of moisture. In this connection, it may be mentioned that, 
although Kiesselbach^^ recognized that the lack of uniformity in 
distribution of water applied to the soil in containers constitutes a 
serious source of error in experiments of this nature, it is not at all 
certain that the lower soil-®oisture percentages that he attempted 
to maintain in his tanks were the true percentages of moisture 
throughout the entire mass of soil in the tanks. The moisture con- 
tent of the soil in the immediate vicinity of his spiral irrigating coils 
undoubtedly was raised to the maximum field capacity and probably 
other portions of the soil wx‘re dry. Tests made at Davis by Pro- 
fessor S. H. Beckett from 1912 to 1917 with alfalfa growing in tanks 
to determine the use of water by these plants with varying soil- 
moisture contents proved that this was true in many cases. Water 
was applied to the tanks containing the alfalfa plants by means of 
perforated irrigating pipes arranged in spider-web fashion in the 
soil and also by means of spiral pipe irrigators. Attempts were made 
to maintain certain percentages of soil moisture in the different tanks 
calculated from the known w'eight of dry soil. Water was added to 
the soil to bring them up to the calculated weights. After the con- 
clusion of the tests, some of the tanks were emptied and it was found 
that the roots of the plants grown in the soils presumed to be at the 
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lower moisture percentages were all within the soil in the immediate 
vicinity of the irrigating pipes. The soil in the bottom of these tanks 
probably was dry the greater portion of the time during the growing 
season. On the other hand, some of the tanks containing the soils 
assumed to be maintained at the higher moisture contents were found 
to be saturated at the bottoms. 


Use of Water by a Young French Prune Tree Grown in a 
Tank Automatically Balanced 

The individual behavior in the use of water of several of the 
prune trees grown in the tanks was studied closely. Where tanks 
containing 1000 pounds or more of soil were used, as in this case, 
no adequate weighing device capable of weighing less than one 
pound was available. Since it was desired to weigh very small losses 
of water, tree 22, growing in a tank 23^^ inches in diameter by 48 
inches in depth, containing Yolo loam, was automatically balanced, 
so that very small losses of moisture through transpiration could be 
recorded. The arrangement of the apparatus is illustrated in figure 
26. The principle of operation of the device is essentially the same 
as the self-registering transpiration machine described by Copeland-^ 
and the auxanometer described later by Corbett.-^* However, it 
differs from Corbett’s auxanometer in that the tank is counter- 
balanced. The tank containing the soil and tree was suspended in 
an outer tank w^hich was set into the ground and contained water. 
The tank containing the tree was then balanced with a frame made 
of channel iron, carrying a weight at the outer end, and supported 
on a knife edge. As the tree lost water through transpiration, and 
thus lessened the weight of the suspended tank and contents, the 
tank containing the tree rose in the outer tank and a mass of water 
equal to that which had been transpired by the tree was replaced. 
The tank containing the tree automatically came to rest at this 
point, and a recording device attached to the outer end of this channel- 
iron frame, recorded the loss of the weight of the tree tank. The tank 
containing the tree was uniform in diameter at the section which 
moved through the water surface. The accuracy of the results would, 
of course, depend upon the uniformity of this cross-section of the 
tank. 

Some difficulty was encountered during the first two years the 
apparatus was used, because the water would cling to the walls of 
the inner tank as it raised. However, in 1921 the inner and outer 
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tanks were coated with a patented varnish.* This varnish practically 
eliminated the adhesion of the water on the metal of the tanks. 

The apparatus was run for two seasons at Davis, 1919 and 1920, 
and was removed to Mountain View and set up early in 1921. Meas- 
urements were taken frequently during these three seasons to deter- 
mine shrinkage in the volume of water in the outer tank. The loss, 
for an entire season, by evaporation from the water in the outer tank 
was so small it could not be detected. There was very little fluctua- 
tion in the temperature of the water in the outer tank during the 
growing season, and consequently, it is probable that there was little 
change in the buoyancy of the water due to change in its density. 



Fig. 26. Tree 22, in a tank automatically balanced so that small losses of 
moisture by transpiration could be measured. This photograph was taken in May, 
1921, just after the apparatus had been moved from Davis to Mountain View. 
Later the tank was fitted with a cover and a wider rim and a low protecting w’all 
was built around the apparatus to protect it from winds. 


The movement of the outer end of the channel-iron frame was 
still further magnified in the recording device. The movement of 
the pointer on the record sheet was about 100 times the movement 
of the tank. The recording device was designed by Mr. E. J. Hoff, 
of the Division of Agricultural Engineering, Bureau of Public Roads, 
U. S. Department of Agriculture, and is essentially the same as the 
sensitive water-level recorder described by him.’^^ The feature of the 

^ Made by the Gumite Corporation of New York City. 
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recorder lay in the elimination of friction, and in bringing the record- 
ing pen into contact with the record sheet every 30 seconds. This 
arrangement eliminated the resistance of the pen on the record sheet 
and allowed the recording arm to move freely and to respond to the 
movement of the tank. The apparatus illustrated in figure 26 was 
modified somewhat before starting the experiment in 1922. The 
recording device shown was changed to give a daily record instead 
of a continuous record. The tank containing the tree was covered 
and a wider rim was place around it to prevent the entrance of rain. 
Walls about two feet high were built around the apparatus to lessen 
the movement caused by winds. During the season of 1921, careful 
observations and repeated tests showed that losses of moisture by 
transpiration as small as 4 ounces could be weighed with confidence. 
In fact, the placing of 2-ounce w^eights on the tanks made a measur- 
able movement of the pen on the record sheet. The apparatus was 
calibrated a number of times by placing standard w^eights on the tank 
containing the tree and noting the movement of the pen of the 
recorder. It was found that there was a definite movement of the 
pen for a definite weight. One pound of water lost by transpiration 
equalled six divisions on the record sheet. Three typical daily record 
sheets are shown in figure 27. The irregular lines in the portions of 
the graphs between about 10 a.m. and 7 p.m. are due to the movement 
of the tank caused by wind. The slope of the graphs indicates the 
rate of loss of water through transpiration. The recording drum 
revolved twice in 24 hours, and the recording sheet usually had to be 
replaced each day. 

The tank was lowered and the channel-iron frame removed when 
the tank was irrigated. The tree tank was then raised clear of the 
water in the outer tank by means of the portable weighing derrick, 
and the desired weight of water was applied to the soil. The 
transpiration losses, recorded on the sheets, checked with the losses 
determined by weighing the tank with the suspension scales. 

The data, taken from the record sheet of the automatic balance, 
showing the use of water by tree 22, summarized for 50 per cent of 
the time before each irrigation and 50 per cent of the time after each 
irrigation, is given in table 24. For instance, the tree was irrigated 
on June 3 and June 16; therefore, the average use of water is given 
from June 4 to June 9, and from June 10 to June 15. For the pur- 
pose of comparison, the average use of water in the forenoon arid in 
the afternoon is given separately from the total daily use. The total 
number of degrees above 40® F. for each 5-hour period is also given 
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in order to indicate the relative amount of heat during the different 
periods. The climatological measurements taken at Mountain View 
during these periods are also summarized. At each irrigation the 
soil in the tank was raised to its full field capacity, 22 per cent, 
and in the majority of cases, water was not again applied until the 



Fig. 27. Tliree typictil daily record sheets taken from recorder used with 
balanced tank. Tho upper sheet is the record of transpiration the day before the 
water was applied, the middle sheet refers to that day, and the bottom sheet to 
the day following the application of water. 

moisture content had been reduced to about 11.9 per cent, the wilting 
coeflScient. Therefore, from the data in table 24, a comparison can 
be made between the rates of transpiration before and after each 
irrigation, when the soil-moisture content is high, and when it has 
beennreduced to. just above the wilting coefficient. 





TABLE 24 

Use of Water for tub Season of 1922 by Young French Prune Tree 22 
Growing in a Tank at Mountain View, Together with 

CliIMATOIiOGICAL. MEASUREMENTS 


Dates between 
irrigations for 
which data is 
summarised 

Dates 
irri- 
gated t 

Average use of 
water in pounds 

Average evapora- 
tion per day 

Average maximum 
temperature 

Average minimum 
temperature 

Average vapor 
pressure deficits, 
mm. Hg.t 

Average wind 
velocity, miles 
per hour 

Average total 
number of degrees 
of temperature 
above 40® F.* 

8 a.m. 
to 

1 p.m. 

1 p.m. 
to 

6p.m. 

Per 
day 
of 24 
hours 

8a.m. 

to 

1p.m. 

1 p.m. 
to 

6p.m. 

8a.m. 

to 

6p.m. 







Inches 

“ F. 

“ F. 






Apr. 25 to May 3 . 

May 

4 

.99 

34 

1.68 

17 

75 

38 

8.94 

1 6 

145 

159 

304 

May 5 to May 12... . 



1 16 

57 

2 22 

.15 

71 

41 

7 44 

2.4 

125 

135 

260 

May 13 to May 19. .. 

May 

20 

2 15 

1 65 

4 94 

18 

81 

52 

7 36 

1.6 

166 

175 

341 

May 21 to May 26.. 



2 68 

2 41 

6 28 

22 

74 

40 

12 31 

2 4 

142 

159 

301 

May 27 to June 2 

June 

3 

2 37 

2 26 

5 78 

18 

75 

45 

7 36 

1 4 

141 

162 

303 

June 4 to June 9. 



2 35 

3 24 

6 49 

.19 

75 

! 52 

7 03 

1 8 

154 

158 

312 

June 10 to June 15.. 

June 

16 

2 23 

2 86 

6 84 

18 

74 

51 

4 82 

2 3 

133 

158 

291 

June 17 to June 19. 



3 00 

3 94 

8 47 

24 

87 

47 

10.70 

1 4 

187 

.212 

399 

June 20 to June 23 

June 24 

5 10 

4 36 

11 27 

25 

82 

46 

12 37 

1 8 

188 

i 197 

385 

June 29 to July 3 

June 28 

4 35 

4 70 

10 45 

22 

78 

55 

1 8 74 

1 3 

174 

198 

372 

July 4 to July 7 

July 

8 

4 08 

4 26 

9 27 

.23 

75 

59 

7 56 

1 3 

169 

183 

352 

July 9 to July 12. . 



4 31 

4 67 

10 50 

24 

76 

53 

8 86 

1 4 

160 

182 

342 

July 13 to July 16. 

July 

17 

4 60 

4 12 

10 15 

24 

84 

51 

9 50 

1 2 

191 

204 

395 

July IS to July 21. 



4 54 

3 84 

10 15 

25 

76 

53 

6 31 

1 1 2 

168 

168 

336 

July 22 to July 24. . 

July 

25 

4 72 

3 98 

10 06 

24 

74 

44 

8 81 

3 1 

158 

159 

317 • 

July 26 to July 28. 



3 83 

4 74 

9 99 

.23 

82 

46 

9 07 

1 0 

171 

175 

346 

July 29 to Aug. 1 . 

Aug. 

2 

3 56 

4 08 

8 93 

21 

79 

51 

6 70 

1 1 

160 

176 

336 

Aug. 3 to Aug. 6 



j 3 72 

3 66 

8 79 

.22 

78 

50 

7 35 

1 2 

153 

176 

329 

Aug. J to Aug. 10 . . 

Aug. 

11 

4 54 

4 23 

10 33 

19 

76 

46 

8 -44 

1 1 

153 

176 

329 

Aug. 12 to Aug. 15 



4 67 

5 54 

11 06 

25 

82 

46 

14 12 

2 4 

166 

194 

360 

Aug. 16 to Aug. 20 . 

Aug. 

21 

! 4 10 

4 70 

9 83 

.21 

77 

47 

7 89 

1.5 

155 

170 

325 

Aug. 22 to Aug. 25 . 



4.14 

5 18 

10 58 

20 

80 

45 

9 34 

10 

158 

193 

351 

Aug. 26 to Aug. 29 

Aug. 

30 

4 97 

5 00 

10 60 

.20 

81 

51 

9.62 

1 1 

172 

188 

360 

Aug. 31 to Sept. 3 



5 08 

5.81 

12 12 

.20 

1 

88 

46 

9 41 

.9 

194 

208 

402 

Sept. 4 to Sept. 7 

Sept. 

8 

5 02 

5 00 

11 20 

18 

82 

46 

13 39 

1 3 

165 

196 

361 

Sept. 9 to Sept. 12 .. 



3 77 

4 31 

8 39 

.16 

92 

55 

10 50 

.8 

193 

227 

420 

Sept. -13 to Sept. 17 

Sept. 18 

4 20 

4 43 

9 63 

.18 

88 

52 

10 71 

.7 

182 

211 

393 

Sept. 19 to Sept. 23 . 



2.80 

3 03 

6 87 

.15 

79 

47 

6 78 

.6 

142 

170 

312 

Sept. 24 to Sept. 28 . 

Sept. 

29 

3.73 

3.53 

6.70 

15 

80 

47 

7.39 

1 0 

157 

171 

328 

Sept. 30 to Oct. 7. 



2 40 

2 35 

5 78 

13 

75 

47 

5.66 

1.1 

137 

148 

285 

Oct. 8 to Oct. 15. . 

Oct. 

16 

1 88 

1.76 

3 94 

.09 

70 

48 

3.49 

1.0 

107 

127 

234 

Oct. 17 to Oct. 29. . . 



2 02 

1 75 

4 35 

08 

73 

41 

5 84 

.7 

112 

140 

252 

Oct, 30 to Nov. 12 ... 

Nov. 

13 

1 .95 

.76 

2 54 

.07 

62 

39 

3.03 

1 0 

81 

79 

160 


* The number of d^eee above 40** F for each hour wae taken from the thermograph sheete and the 
total recorded for the 5 hours in the forenoon and the afternoon, 
t Vapor pressure deficits measurements made at 5 p.m. 

^ I At each irrigation the soil-moisture in the tank was raised to 22 per cent. 


Fig. 28. Use of water by prune tree 22 during the season of 1922, at Mountain View. The weight of the tank with 
soil containing 22 per cent of moisture is 1161 pounds and the weiglit wlien the soil is at the wilting coefficient (11.9 per 
cent) is 1074 pounds. 
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The root system of tree 22, illustrated in figure 25, indicates that 
the soil in the tank was permeated with roots, therefore, the average 
moisture content of the soil, determined by weighing the tank and 
computing the moisture from the known weight of dry soil, probably 
gives a true value for the amount of water in contact with the roots 
of the tree. The data given in table 24 indicate that the use of water 
by this prune tree was no greater just after irrigation when the soil- 
moisture content was high, than it was when the moisture content was 
lower. The use of water both in the forenoon and in the afternoon 
before irrigation is about the same as that after irrigation. In some 
instances it is greater with low soil-moisture content than with high 
soil-moisture content and in others less. However, these differences 
are small and probably can be attributed to differences in the evapo- 
rating power of the air for the different periods. The agreement 
between the use with high and low soil-moisture content scenes to hold 
throughout the entire growing season. 


TABLE 25 

Summary of the Monthly Use of Water During the Season of 1922, 
BY young French Prune Tree 22 


Month 

Number of 
days for which 
record was 
obtained 

Average use of water in pounds to the hour 

8 a.m. to 

1 p.in. 

1 p.m. to 

6 p.m. , 

For daylight 
hours 

For 24-hour 
day 

April 

6 

0.18 

0.03 

0.10 

0.05 

May 

30 

0.39 

0.32 

0.36 

0.19 

June 

29 

0.70 

0.71 

0.70 

0.35 

July 

31 

o.8;i 

0.89 

0.86 

0.43 

August 

29 

0.84 

0.93 

0.88 

0.42 

September 

28 

0.78 

0.83 

0.80 

0.38 

October 

29 

0.38 

0.35 

0.37 

0.22 

November 

15 

0.16 

* 0.11 

0.14 

0.09 


These facts are strikingly illustrated in figure 28, in which is 
plotted the daily use of water by tree 22. The weights of the tank, 
taken from the automatic record sheets on successive days, are 
plotted. The rate of use of water, which is indicated by the slope 
of the line representing the loss of moisture from the tank, is no 
greater immediately after irrigation when the soil-moisture content 
was 22 per cent than it is just before irrigation when the soil-moisture 



Jan., 1927] Veihmeyer : Factors Affecting Irrigation of Deciduous Orchards 


215 


content is about 11.9 per cent. When the climatological data, given 
in tables 21 and 24, are compared with the slope of the graphs in 
figure 34, it is apparent that conditions which made for high evapo- 
ration from a free water surface, likewise cause the tree to use greater 
amounts of water. Apparently, atmospheric evaporating power rather 
than stage of growth of the trees determines the use of water. Of 
course, the amount of evaporating surfaces exposed by the plant 
influences the use of water. Since there was practically no increase 
in leaf area after the middle of May, the increased use of water after 
this time can not be attributed to this cause. The records of the use 
of water by tree 22 are summarized for each month in table 25. The 
increased use in the warmer months is clearly indicated in this table. 

Hourly weighings, by means of the portable device and scales, 
of other trees growing in tanks were made before and after irrigation 
several times during the season of 1922. In no case did there seem 
to be any difference in the amounts of water transpired before and 
after irrigation which could be attributed to the differences in soil- 
moisture content. The results from one of the trees which was irri- 
gated on May 3 and on May 19, and weighed in this manner is 
given in table 26. These records were obtained from tree 6, which 
was planted on April 15, 1919, in a tank 23^/^ inches in diameter and 
48 inches in depth, containing Yolo loam. Only the record of the 
weighings at 8 o^elock in the morning, at noon, and at 5 o’clock in 
the afternoon are recorded. Some of the climatological data are also 
recorded for comparison. There was no change in leaf area between 
May 3 and May 30. The low rate of transpiration from May 3 to 
May 9, which averaged only 2.6 pounds a day, compared to 5.3 pounds 
a day for the period May 10 to May 18, probably was due to differ- 
ences in climatic conditions. The fact that the rate of transpiration 
between May 19 and May 30 was very uniform indicates that the 
transpiration was not measurably affected by the variation in amount 
of moisture above the wilting coefficient present in the soil. 

It is interesting to note that this result was obtained in all of 
the trials made. The observations made after the removal of the 
equipment to Davis in 1923 also indicate that the use of water by 
the trees in these tanks was not influenced by the amount of soil 
moisture present, provided the moisture content w’as not reduced 
below the wilting coefficient. 
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TABLE 26 

Use of Water at Mountain View by Prune Tree 6 
(Tree irrigated May 3 and May 19.) 



Weight of tank 
in pounds 

Percentage 
of moisture 
in soil at 

Total loss 
of water 
through 
transpiration 
in 24 hours. 

Pounds 

Evaporation 

from 

free-water 

Wind 
velocity in 

Total 
number of 
degrees 

1922 

Sam. 

12 noon 

5 p.m. 

5 p.m. 
Calculated 
from weight 
of tank 

surface 
in 24 hours. 

Inches 

miles to the 
hour 

temMrature 

above 

40" F.* 

May 

3 

1050 

1050 

1120 

21.7 


0.19 

1.6 

442 

4 

1119 

1118 

1116 

21.3 

4 

0.20 

1.7 

314 

5 

1116 

1115 

1112 

20.8 

4 

0. 15 

1.5 

339 

6 

1112 

nil 

1109 

20 5 

3 

0.18 

1.3 

277 

7 

1109 

1108 

1106 

20.1 

3 

0.25 

4.2 

200 

8 

1105 

1104 

1103 

19.7 

3 

0. 19 

2.5 

186 

9 

1103 

1103 

1102 

19.6 

1 

0 03 

2.0 

141 

10 

1101 

1100 

1098 

19.2 

4 

0.04 

0.8 

228 

11 

1098 

1096 

1094 

18.7 

4 

0.18 

3.5 

309 

12 

1093 

1091 

1089 

18.1 

5 

0.19 

3.6 

401 

13 

1088 

1085 

1082 

17.3 

7 

0.20 

1.4 

454 

14 

1080 

1078 

1073 

16.2 

9 

0.12 

1.4 

502 

1.5 

1072 

1069 

1066 

15.4 

7 

0.20 

1.4 

377 

16 

1064 

1063 

1060 

14.7 ! 

6 

0. 19 

1.2 

313 

17 

1061 

1061 

1058 

14.4 ! 

2 

0. 19 

1.5 

266 

18 

1056 

1055 

1054 

14.0 

4 

0.20 ■ 

1.8 

225 

19 

1052 

1050 

1120 

21.7 


0. If 

2.7 

248 

20 

1119 

1118 

1115 

21.2 

5 

0.07 

1.5 

232 

21 

1113 

1110 

1107 

20.6 

8 

0. 24 

2.4 

293 

22 

1106 

1104 

1100 

19.7 

7 

0.18 

1.9 

347 

23 

1099 

1097 

1094 

18.7 


0.23 

1.9 

285 

24 

1093 

1091 

1088 

18.0 

6 

0.23 

2.4 

281 

25 

1087 

1085 

1081 

17.1 

7 

0.26 

3.3 

232 

26 

1079 

1076 

1073 

16.2 

8 

0.24 

2.4 

361 

27 

1071 

1069 

1066 

15.4 

7 

0.21 

0.8 

442 

28 

1066 

1065 

1061 

14.8 

5 

0.25 

2.0 

302 

29 

1061 

1059 

1055 

14.1 

6 

0.18 

1.0 

341 

30 

1054 

1053 

1050 

13.5 

5 

0.20 

1.5 

274 


* The number of degrees above 40" F. for each hour taken from the thermograph sheets and the total 
is recorded. 
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The Percentage of Moisture in the Soil at the Time of 
Wilting of Prune Trees in Tanks 

Throughout the several years of observation of the trees growing 
in the tanks, there were numerous opportunities to determine the 
moisture content of the soil when the trees wilted and would not 
revive until water was added to the soil. The dates on which the 
prune trees growing in tanks were allowed to wilt and the correspond- 
ing moisture content of the soil in which the trees were growing are 
listed in table 27. The trees were judged to be wilted when the leaves 
had lost turgidity and were not revived early in the morning, or until 
water was added to the soil. The nights at ^Mountain View were cool 
and generally the relative humidity was high, reaching 100 per cent 
at night many time during the growing season. Fogs frecpiently 
drifted in from the north from San Francisco Bay at night. At 
Davis, the nights were cool during the summer, but fogs were 
uncommon. 

Briggs and Shantz’- defined permanent wilting to be the condition 
at the time when the leaves of the ])lant first undergo a permanent 
reduction in their moisture content. By permanent reduction is meant 
a condition from which the leaves can not recover in an approximately 
saturated atmosphere without the addition of water to the soil. 

Livingston and Kokctsu"® have further defined permanent wilting 
as that stage of progressive wilting from which recovery fails to occur 
within a period of 24 hours, if the wilted plants are exposed to a prac- 
tically water-saturated atmosphere (in darkness) during that period. 
The large trees and containers used in these experiments made it 
impossible to place them in a moLst chamber. Therefore, it is not 
known how far the condition of wilting (without recovery until 
water was added to the soil), adopted in these experiments, departs 
from the condition of permanent wilting as above defined. 

The data presented in table 27 show close agreement between the 
percentage of moisture in the soil when these prune trees wilted with- 
out recovery until water was added to the soil and the calculated wilt- 
ing coefficients for these loam soils. The wilting coefficients given are 
the averages of calculated values from duplicate moisture equivalent 
determinations made on two samples from each tank. All of the 
values have been averaged and recorded in the table. Weighed 
samples of 30 grams each were used in making the moisture equiva- 
lent determinations. When the weight of the tank at the time the 



TABLE 27 

MoistuwS Content of the Soil at the Time of Wilting op Prune Trees in Tanks, and Minimum Extraction of Moisture 

• BY THE Trees 

The equipment was moved to Davis in February, 1923. Observations and samples taken previous to this date were at Mountain 
View, and after at Davis. 
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* Wiltinc ooefficiento calculated from moisture-eqmvalent determinations made on 30-gm. samples; 2 samples were taken from each tank and duplicate determina- 
ns made. 

t Extra equipment and additional soil added to tanks in 1024. 

X Trees 3, 6, and 0 were planted in Yolo loam, April 15, 1919, in tanka 23^ inches in diameter by 48 inches deep. Trees 15, 17, 18, 19 and 20 were planted April 14, 
tl, in Yolo clay loam in tan^ 27.08 inches in diameter by 72 inches deep. Trees 5, 7, 10, 11 and 13 were planted April 14, 1921, in Yolo clay loam in tanks 26 inches in 
uneter and 48 inches deep. 
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trees wilted and its weight at the theoretical wilting coefficient, 
calculated from the weight of dry soil in the tanks, are compared, 
the agreement is seen to be extremely close. 

The equipment was moved to Davis in February, 1923. There- 
fore, observations and samples taken after this date were made at 
Davis and previous to this date at Mountain View. The climatic con- 
ditions which affect the rate of transpiration are markedly different 
in these two localities. Furthermore, the observations were made at 
different times during the growing seasons, so there were differences 
in atmospheric evaporating power, and yet the calculated wilting 
coefficient apparently is a measure of the moisture condition of these 
loam soils when the prune trees wilted and did not recover until 
water was added to the soil. 

The results obtained by Briggs and 8hant7j“ lead them to conclude 
that atmospheric environmental conditions have little or no effect 
upon the residual water content of the soil at the time of permanent 
wilting and that the wilting coefficient for any given soil is approxi- 
mately constant for all species of plants grown on it and for all stages 
of their development. Caldwell’^ and Shive and Livingston,^^ who also 
studied the wilting of seedlings grown in small containers, found that 
the amount of residual moisture in the soil at the time of permanent 
wilting is dependent upon the intensity of atmospheric evaporating 
power for the period during which ix'rmanent wdlting is attained. 

Caldweirs'® Avork seems to indicate that, while wilting under high 
atmospheric evaporating poAver ahvays exhibited soil-moisture residue 
sqmcAvhat higher than the calculated Avilting coefficient, this lack of 
agreement Avas less marked Avith the higher moisture holding capacity 
soils used by him. Mechanical analyses of the loam soils used for 
these prune trees shoAV a silt and clay content of over 60 per cent, 
very fine sand about 20 per cent, and the remainder fine and medium 
sand. The soil used by Caldwell, AAdiich had the highest Avater-holding 
capacity, had a calculated moisture equivalent of 20.09 per cent, Av^hile 
the loam soils used in the present investigation had a moisture equiva- 
lent of about 22 per cent. ShiA^e and Livingston^^ also show that the 
difference between the actual soil-moisture residue at permanent Avilt- 
ing and the calculated value become A^ery small Avith the heavier soil 
of high water-holding power used by them. 

The concurrence of the calculated wilting coefficient and the per- 
centage of moisture in the soil at the time of Avilting Avithout recovery 
until water was added to the soil, has also been observed in the case 
of apricota and Calimyrna fig trees grown in tanks containing Yolo 
clay loam soil when studied in the same manner described in the 
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case of prune trees. However, fig trees have been more diflScult to 
study under these conditions, since they drop their leaves more 
readily than the prunes or apricots when water is withheld. It is 
interesting to note that these three varieties of fruit trees apparently 
wilt when the moisture content of the loam soil on which they were 
growing was reduced to the same percentage at any time during the 
growing season. 


The Minimum Reduction of Soil Moisture by Trees in Tanks 

Some of the prune trees were allowed to remain for various 
periods of time in a wilted condition. These periods were generally 
toward the end of the growing season after other required data had 
been obtained from the trees earlier in the season. The minimum 
amounts of water found in the soil at the end of the time *the trees 
were allowed to remain wilted are given in table 27. It should be 
noted that in no case was the water supply in the soil reduced to an 
amount equal to the calculated hygroscopic coefficient. Apparently, 
the trees in these tanks were only able to use about half of the water 
in the soil between the wilting coefficient and the hygroscopic co- 
efficient. This is substantially the same result observed in the Muir 
peach orchard at Davis and in the Santa (Uara Valley prune orchards, 
except in orchard No. 6 and orchard No. 2, where the soil-moisture 
supply was reduced to the hygroscopic coefficient. 

The condition of trees 3, 4, and 5 on October 18, 1922, is shown 
in plate 1, figure 1. Tree 3 wilted on September 28, 1922, and tree*5 
wilted on October 7, 1922. The soil-moisture content in the soil 
on which tree 4 was growing was kept above the wilting coefficient. 
The leaves on tree 3 were mostly dead and had completely collapsed, 
taking on a dark brown color before October 18. Tree 5 was de- 
cidedly wilted and the leaves were yellow and limp. Most of the 
leaves on tree 4 had turned yellow but all were turgid. This tree 
was maturing its leaves normally. The photograph, plate 1, figure 2, 
of the trees on October 28, shows the condition of trees 3 and 5 when 
the effects of drought had progressed .still further. All of the leaves 
on tree 3 were black, and tree 5 Avas almost completely defoliated, 
while the leaves on tree 4 were dropping normally. A further 
example of the effects of withholding water for long periods of time 
is illustrated in plate 2, figure 1, by the condition of tree 15, which 
wilted on September 14, 1922. Tree 17 wilted on October 7, 1922; 
the soil in which tree 16 was growing was kept above the wilting 
^coefficient. The photograph was taken on October 18, 1922. 
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The minimum reduction of the soil moisture by vetch grown in 
tanks was studied in the same manner as were the trees. The follow- 
ing may be cited as examples of these observations. On November 
4, 1921, vetch seed was planted in a tank holding about 1000 pounds 
of soil. This tank was 23^2 inches in diameter and 48 inches in 
depth. The vetch matured seed pods on June 1 and became perma- 
nently wilted. The weight of the tank on this date was 1121 pounds 
and apparently all loss of moisture from the tank had ceased by 
June 20, when the tank weighed 1116 pounds. The plants were 
removed and samples taken in foot depths to a depth of 3 feet. The 
moisture contents of these samples Avere determim^d and moisture 
e(piivalent determinations were then made. The folloiving results 
were obtained: 


Depth of soil sampled, 
feet 

Percentage of moisture 
found in samples 

\Mlting coefHeient 

Hygroscopic coefficient 

0 to 1 

8.0 

12.4 

8 4 

1 to 2 

11.1 

12.7 

8.0 

2 to 3 

10.5 

11.8 

8.0 


A tank, 26 inches in diameter by 48 inches deep, holding 1200 
pounds of soil, Avas planted Avith A^etch on the same date (November 
4, 1921). More plants were alloAvcd to groAV in this than in the other. 
After the plants had matured and Avilted and no further loss of 
moisture took place, samples Avere taken and the folloAAung results 
obtained : 


Depth of soil sampled, 
feet 

Percentages of moist lire 
found in sample 

Wilting coefficient 

Hygroscopic coefficient 

0 to 1 

9.3 

11.9 

8.1 

1 to 2 

10.4 

12.9 

8.8 

2 to 3 

8.7 

10.4 

7.1 


These records shoAv that vetch plants and i)rune trees in these 
tanks used a considerable portion of the moisture in the soil beloAv 
the wilting coefiScient. Obviously the Avilting coefficient is not the 
lowest limit of available Avater, although Avhen the moisture content 
of these loam soils was reduced to a moisture content corresponding 
to the calculated Avilting coefficient, the plants Avilted and did not 
recover until water was added to the soil. These results agree with 
observations made in the Santa Clara Valley prune orchards and in 
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the mature Muir peach orchard at Davis. Therefore, it seems that 
the calculated wilting coefiBcient of the soils used in these experiments 
represents a critical soil-moisture condition. This soil-moisture con- 
stant is a better basis for comparing moisture conditions of soils 
than the hygroscopic coefficient, which probably represents the 
extreme lower limit of available moisture. Furthermore, the diffi- 
culty of directly determining the hygroscopic coefficient, as Puri^® 
has shown, which also makes the value calculated from the moisture 
equivalent doubtful, mitigates against its use. 


Effect of Soil-IMoisture Content on Condition of Prune Trees 
IN Tanks in the Fall 

In connection with the study just described, observations were 
made of the condition of the prune trees in tanks in the fall under 
different soil-moisture contents. Trees 19 and 20 were irrigated so 
that the soil-moisture content was maintained between a range of 
maximum field capacity and 16 per cent throughout the entire season. 
The soil on which tree 18 was growing was kept above 16 prer cent 
until about the end of the first week in August and then allowed to 
wilt and remain in this condition until August 12, 1922. Thereafter 
it was irrigated whenever the soil-moisture content had been reduced 
to about the wilting coefficient. The maximum field capacity of the 
soil in those tanks varied from 20 to 22 per cent. The wilting 
coefficient of the soil on which tree 18 was growing was 10.9 per 
cent; tree 19 was growing on soil with a wilting coefficient of 11.2 
per cent, and tree 20 on soil with a wilting coefficient of 11.4 per cent. 
The condition of these three trees on October 18, 1922, is illustrated 
in plate 2, figure 2. More of the leaves on tree 19 had turned yellow 
than of those on trees 18 and 20, but the condition of these trees and 
leaves was substantially the same as that of trees with higher or lower 
soil-moisture content, provided those with lower soil moisture were 
not below the wilting coefficient. Trees which had grown on water- 
logged soil colored their leaves in the usual manner as early as did 
trees 18, 19, and 20. The condition of two of the trees, 13 and 14, 
which were on water-logged soil, is illustrated in plate 3, figure 1. 
The photograph was taken on October 18, 1922. Tree 13, the center 
tree in this figure, was on soil, the moisture content of which was 
just above the wilting coefficient. It was noted that many of the 
leaves of other trees on water-logged soil were yellow on October 18. 
The soil-moisture content for tree 13 had been maintained between the 
maximum field capacity and the wilting coefficient. Further illustra- 
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tion of the fall condition of trees on soils with different moisture con- 
tents is shown in plate 1, figure 1. Tree 3 was decidedly wilted, while 
tree 5 had been wilted for a short time before the photograph was 
taken. Tree 4, which was on soil with a moisture content just above 
the wilting coefficient, was holding its leaves normally, although 
many had turned yellow. Plate 1, figure 2, illustrates the condition 
of these trees 10 days later. The wilting of trees 3 and 5 had 
progressed further, while the leaves of tree 4 were normally dropping. 

Defoliation caused by wilting could be induced by withholding 
water until the soil-moisture content was reduced below the wilting 
coefficient, but no differences in condition of the leaves or in the time 
the leaves dropped in the usual manner could be noted when trees on 
soil with high moisture content were compared with trees on soil with 
lower moisture content but not below the wilting coefficient. 

This suggests that the time of beginning of coloring of the leaves 
in the fall and probably of dormancy or of maturity of the plant 
tissues is not affected by variations of soil-moisture content within a 
wide range. Furtheinnore, no injury from low temperatures during 
the dormant season could be detected in the trees in the Santa Clara 
Valley prune orchards and in the ]\ruir peach orchard at Davis, which 
had been irrigated late in the season but before the leaves had 
dropped. 


Use of Water During the Dormant Season by Prune Trees 

IN Tanks 

During the growing season, the pieces of oiled-cloth which had 
been tied around the trunks were loosened to allow them to expand. 
However, at the beginning of the dormant season, the pieces of oiled- 
cloth were sealed tightly around the trunks of the trees. Therefore, 
there was an opportunity to measure the losses of moisture, within 
the limits of accuracy of the weighing device, from the bare twigs 
and branches of the trees during the dormant season. The condition 
during the dormant season of three trees which had been growing 
in the tanks for three seasons is shown in plate 3, figure 2. 

The results of the observations during the winter of 1922 at 
Mountain View are given in table 28. The losses are given for the 
period November 25, 1921, when all of the trees were completely 
defoliated, to March 1, 1922, the date on which the trees began to 
show activity again. For comparison, the losses also are given for 
the period, November 25, 1921, to April 1, 1922, at which time some 
leaves were formed on the trees. 
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TABLE 28 

Losses of Moisture by Evaporation prom the Bare Twigs and Branches 
OP Prune Trees Grown in Tanks During the Dormant 
Season op 1922, at Mountain View 


Number of 
of tree 

Siase of tank in which tree was 
growing 

Date tree was 
planted 

Loss of water 
Nov. 25, 1921 
to March 1, 
1922 

I.K)88 of water 
Nov. 25, 1921 
to April 1, 
1922 

1 

Inches 

2314 by 48 

Apr. 15, 1919 

Pounds 

1 

Pounds 

2 

3 

23H by 48 

Apr. 15, 1919 

3 

8 

4 

23M by 48 

Apr. 14, 1921 

3 

7 

5 

26 by 48 

Apr. 14, 1921 

4 

9 

6 

2314 by 48 

Apr. 15, 1919 

0 

2 

7 

26 by 48 

Apr. 14, 1921 

2 

6 

9 

23y2 by 48 

Apr. 15, 1919 

4 

• 11 

10 

26 by 48 

Apr. 14, 1921 

6 

12 

11 

26 by 48 

Apr. 14, 1921 

8 

5 

12 

26 by 48 . 

Apr. 14, 1921 

4 

7 

13 

26 by 48 ... 

Apr. 14, 1921 

8 

15 

14 

26 by 48 

Apr. 14, 1921 

8 

13 

15 

27.08 by 72 . 

Apr. 14, 1921 

5 

9 

16 

27.08 by 72. . 

Apr. 14, 1921 

7 

11 

19 

27. 08 by 72.. . 

Apr. 14, 1921 

2 

8 

20 

27.08 by 72... . 

Apr. 14, 1921 

6 

9 

21 

27.08 by 72 

Apr. 14, 1921 

5 


22 

23y by 48 . . 

Apr. 15, 1919 

3 i 


Average 



. 4.4 

±0 39 

8.4 

dbO.61 


The soil in all of the tanks was fully wet on November 25, 1921, 
so that there was ample moisture available. While the covers fitted 
the tops of the tanks closely, they were not absolutely tight and, of 
course, some losses occurred by evaporation from the surfaces of the 
wet soil. No check tanks were available, consequently no estimate 
can be made of these losses. In this connection, it should be noted 
from the data in table 28 that apparently there is no agreement 
between size of the tree and the resulting loss. For instance, the 
large trees, such as trees 1, 3, and 6 shown in plate 3, figure 2, lost 
less than the smaller trees, such as trees 10, 11, 13, 14, and 15. A 
further example, tree 21, the tree shown in the left in plate 3, figure 2, 
lost five pounds, which was greater than the loss from any of the 
larger and older trees as the data in table 28 show. 
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A further example of the relatively slight losses of moisture 
through the young prune trees under observation when the leaves 
have been removed, is given in the results of the losses of moisture 
from tree 9, which was completely defoliated on June 16, 1922. This 
tree transpired 15 pounds of water during the 24 hours preceding 
the defoliation. From June 16 to July 1, the date on which the 
leaves began to open again, only 12 pounds of water were lost from 
the tank. On July 5, it was estimated that the tree was almost 3 
per cent leafed out. Three pounds of water were lost between July 1 
and July 5. On July 10 the tree was 20 per cent leafed out and 
had used 8 pounds of water between this date and July 5. During 
the week following July 10, the tank lost 40 pounds of water. The 
soil in the tank was wet to its maximum field capacity on the day 
the tree was defoliated. There were about 50 prunes on the tree, 
most of which stayed on until after the leaves were again formed. 

The loss of water through these prune trees during the dormant 
season is relatively slight. Probably only in years of exceptionally 
light rainfall would prune trees in localities such as the Santa Clara 
Valley need irrigation during the dormant season so far as the current 
needs of the trees are concerned. However, as Batchelor and Reed®’ ® 
have shown to be essential for walnuts, available water must be 
present during the dormant season. 


Discussion op Results 

During the course of the experiments described in this section, 
it was found impossible to bring about a uniform moisture content 
in the soil less than maximum field capacity. Applications of water 
to the surface of soils in containers or in field plots resulted in wetting 
the soil to a definite depth, depending upon the maximum field or 
capillary capacity and upon the initial moisture content. The water 
applied to the loam soils used in these containers raised the moisture 
content to the maximum field capacity in each tank, and this moisture 
content was established throughput the entire depth of soil penetrated 
by the water. The percentage to which the soil was raised seemed 
to be independent of the amount of moisture in the soil previous to 
the application of water. There seemed to be little subsequent move- 
ment of moisture and clearly there was no adjustment of moisture 
which w^ould cause a uniform moisture condition to be established 
between the wet and drier soils. 
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It was found that the soil-moisture supply could be kept above 
a certain minimum. The soil could be raised to a maximum content 
and this condition reestablished when the plants had reduced the soil 
moisture supply to a certain minimum. All attempts to apply water, 
whether to the surface or from below, or by means of specially 
arranged, perforated irrigating pipes, in order to establish a unifol*m 
relatively low moisture content throughout the soil mass, met with 
failure. Experiments to determine the effect of varying moisture 
conditions upon the use of water by plants must be planned with 
these facts clearly in mind. Serious objections may be raised to 
previous water relation studies, wherein dependence has been placed 
upon capillary forces to bring about a uniform distribution in the 
soil of water applied at any point. 

The data presented in this section show that the use of water by 
these prune trees grown in tanks was not affected by the total amount 
of water in the soil until the soil moisture supply was reduced to 
about the wilting coefficient. High coefficients of correlation were 
found between use of water and leaf area and the use of water and 
length of growth, even though the trees were grown on soils with 
varying ranges of moisture contents. These young prune trees, grown 
on clay loam soil in tanks under the conditions prevalent at Mountain 
View, were not influenced by the differences in amounts of water 
available for growth above the wilting coefficient. Optimum moisture 
conditions for growth cover a range of soil moisture from the maxi- 
n^um field capacity to about the wilting coefficient. In the loam soils 
used in these experiments there was a rather wide range of moisture 
content within which the trees seemed to thrive and develop equally 
well; it was equivalent on the average to a depth of 1.6 inches of 
water to a foot of soil. The moisture content corresponding to the 
wilting coefficient was a perceptibly dry condition, and one at which 
most orchardists would unhesitatingly judge the soil to be in need 
of water. 

A number of investigators have shown that even though the 
moisture in the soil may fluctuate within a considerable range the 
plant will develop normally. However, the belief is prevalent that 
there is for each soil a particular water content, the optimum water 
content for growth at which plants grow best. 

There appears to be no reason, either from physical considerations 
of the forces involved between the moisture and the soil particles 
or from physiological requirements of the plant, why optimum 
moisture conditions for growth should not vary from the maximum 
field capacity to about the wilting coefficient. 
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Shull^® has shown that at the wilting coefficient, the soil withholds 
water from the plant with a force almost equal to four atmospheres, 
while the usual osmotic concentration of the sap of root cells of land 
plants is equal to seven or eight atmospheres. Under normal field 
conditions, therefore, the pressure gradient in favor of the plants 
should run from four to eight atmospheres, as the water holding 
power varies from zero to four atmospheres. Shull thinks that wilting 
at the wilting coefficient can not be due to lack of water, nor can it be 
due to equalization of forces between root hair and soil water. There- 
fore, he attributes the wilting of plants at the wilting coefficient to 
be due to the failure of water movement from soil particle to soil 
particle and from these to the root hairs, rather than from lack of 
moisture or of pressure gradient. However, Bouyoucos,® from the 
results of freezing point and dilatometer methods, believes that 
moisture near the wilting coefficient is held by the soil with such 
force that the plants can not extract it, and that the concentration 
of the soil solution is comparatively high, a factor which would tend 
to influence the intake of ^vater by the roots. Bouyoueos holds that 
plants wilt, not because the soil moisture moves at an insufficiently 
rapid rate, but because it docs not move at all. He points out that 
the dilatometer method results show that the percentage of moisture 
which fails to freeze at the supercooling of — C. is very nearly 
the same as that at which plants begin to wilt, a fact which indicates 
that the wilting coefficient of soils is at the point where the free 
moisture ends and the capillary ad.sorbed moisture begins. According 
to Bouyoueos’ physiological classification of soil moisture, it is only 
the free water or the water which freezes at the supercooling of 
— 1.5° C. that the plants can take up very readily, because very little 
force is needed to utilize it, since it exists in a free condition and is 
not held very rigidly by any outside force. The free or ‘‘the readily 
available” or “very available” water of Bouyoueos’ classification 
corresponds to the moisture from the wilting coefficient to the field 
capacity. However, Bouyoueos* believes that the free water in the 
soil, the water between the wilting coefficient and the field capacity, 
would evaporate almost at the same rate as free water in mass, which 
indicates that he thinks the free water in the soil is held very loosely 
and very little if any force need be exerted to utilize all of it. 

The rate of evaporation, vapor pressure, freezing point depression, 
wilting coefficient, hygroscopic coefficient, water holding capacity, 
and the unfree water content are all measures of the force with which 
water is held by the soil at different moisture contents. Parker^^ has 
discussed the different methods of determining the attractive force 
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the soil has for water and he shows that when the force with which 
water is held by the soil at different moisture contents is graphically 
represented the curves obtained by the rate of evaporation, vapor 
pressure measurements, freezing point depressions, and the method 
of Shull are all very similar. However, the curves differ in that the 
point of greatest curvature comes at different moisture contents. All 
of the curves show that for a wide range of moisture content there 
is only a slight increase in the force with which the water is held by 
the soil but the force increases very rapidly below a certain moisture 
content. Parker^- points out that the freezing-point method and the 
method of Shull are more sensitive than the evaporation or vapor- 
pressure methods and that the point at which the force holding the 
water in the soil begins to increase rapidly will be at higher moisture 
content when measured by the freezing-point and probably by the 
method of Shull than the corresponding points obtained by .the rate 
of evaporation and vapor pressure methods. However, all of the 
methods show that at low moisture contents, the water is held with 
much greater force than the additional water at the high moisture 
contents. ShulP® shows a very slight increase in the force holding 
the water in the soil until the moisture content is reduced to the 
wilting coefficient, but below this the force increases very rapidly. 
The silt loam soil used by him had a wilting coefficient of 19.1 per 
cent. The increase in surface force from saturation to 18.87 per cent 
moisture was from 0 to 3.8 atmospheres ; at 17.93 per cent the surface 
force was 11.4; at 10.06 per cent, 22.4; and at 13.16 per cent, about 
the hygroscopic coefficient, the surface force increased to 72 atmos- 
pheres. Thomas*® measured the aqueous vapor-pressure lowerings of 
several soils at different moisture contents. One of the loam soils 
used by him had a moisture equivalent of 23.3 per cent. By growing 
beans, Thomas found the plants wilted in this soil at 9.3 per cent. 
This gives a ratio of the moisture equivalent to the moisture con- 
tent when the beans wilted of 2.5, which is much higher than the 
ratio of 1.84 given by Briggs and Shantz.^^ The calculated wilting 
coefficient for this soil, using the ratio of 1.84, is 12.7 per cent. 
Thomas*® reports a vapor pressure depression of 0.30 mm. at a 
moisture content of 9.5 per cent for this soil, which in a solution at 
25° means an osmotic pressure of about 17 atmospheres. The vapor 
pressure depression at 12.7 per cent calculated from Thomas’ formula 
would be 0.14 mm., which means an osmotic pressure of about eight 
atmospheres, which is about twice that found by Shull. Thomas’ 
data indicates that above the calculated wilting coefficient the vapor 
pressure changes are very slight for large variations in moisture con- 
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tent but that the vapor pressure begins to fall rapidly with lower 
moisture contents. 

It has been shown by a number of investigators that plants do not 
absorb solutes in the same proportion in which they exist in the soil 
solution. It also appears that the amount of solutes absorbed bears 
no direct relation to the amount of water absorbed, and that increas- 
ing transpiration does not accelerate the entrances of solutes. Hoag- 
land®^ has recently pointed out that plants can make equally good 
growth in a very great variety of culture solutions and that there is 
no evidence that plants thrive only in solutions with certain specific 
ratios between various elements. Solutes and solvent may move into 
the plant independently and the movement of water within the plant 
may be independent of the movement of solutes, as Curtis^^ seems to 
show, and since there is a wide range of soil solutions in which plants 
develop normally, there seems to be no physiological reason why the 
environmental soil conditions necessary for good growth should not 
be met within a range of moisture content from the maximum field, 
or capillary capacity, to about the wilting coefficient. Furthermore, 
the fact that the best evidence seems to show that the force with which 
water is held by the soil does not increase rapidly until the moisture 
content is reduced below the wilting coefficient indicates that optimum 
moisture conditions extend from the field capacity to about the wilting 
coefficient. 

There was close agreement between the wilt ing of these prune trees 
without recovery until water was added to the soil and the calculated 
wilting coefficient of the loam soils used in these experiments. Inas- 
much as these observations were made at Mountain View and Davis 
throughout several seasons and at different times during each season 
there were differences in atmospheric evaporation power, and yet the 
wilting coefficient of these loam soils calculated from the moisture 
equivalent seemed to be a measure of a moisture condition at which 
the prune trees wilted and did not recover until water was added to 
the soil. 

The moisture content of the loam soils in the tanks was reduced 
much below the calculated wilting coefficient by the prune trees but 
in no case was the water supply reduced to the calculated hygroscopic 
coefficient. The trees were able to use only about half of the water 
in the soil between the wilting coefficient and the hygroscopic 
coefficient. Substantially the same results were obtained in the Santa 
Clara Valley prune and the Muir peach orchard irrigation studies. 
However, the soil-moisture supply was reduced to the hygroscopic 
coefficient in a few cases by these mature trees. 
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Vetch plants grown in tanks were allowed to reduce the moisture 
content of the soil. When no further loss of moisture could be de- 
tected by the means at hand for weighing the tanks, samples taken 
indicated that approximately half of the moisture between the wilting 
coefficient and the hygroscopic coefficient had been used. Although 
the wilting coefficient is not the lower limit of available water, it 
probably is a better basis for comparing moisture conditions of soils 
than the hygroscopic coefficient which probably represents the extreme 
lower limit of available moisture but which, according to Puri,^® can 
not be satisfactorily determined. 

The different amounts of water available in the soil apparently 
had no noticeable effect on the condition, in the fall, of the prune 
trees grown in tanks. Defoliation caused by wilting could be brought 
about by withholding water until the soil-moisture content was re- 
duced to the wilting coefficient, but no differences could be noted in 
the time the leaves normally dropped when trees on soil with high 
moisture content were compared with those on soils with lower 
amounts of available water, but in which the soil-moisture content 
was not reduced below the wilting coefficient. The fact that the time 
of beginning of the coloring of the leaves in the fall, and probably 
of the beginning of dormancy or maturity of the plant tissues, was 
not affected by variation in amounts of available soil moisture within 
a wide range, should be expected from the results reported in the 
first part of this section, wherein it is shown that the use of water 
and the growth of these young prune trees were ilot affected by 
variations in amounts of available water during the growing season. 

While it must be remembered that the results of the studies under 
controlled conditions were obtained with young prune trees in con- 
tainers, and that they are applicable only under the conditions of 
these experiments, they do suggest that many of the current views 
regarding the soil-moisture relations of other plants may also be 
questioned. 
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SECTION IV 


THE LOSSES OP MOISTURE BY EVAPORATION DIRECTLY 
PROM THE SURPACE OP THE SOIL AND THE 
MOVEMENT OP MOISTURE IN THE SOIL 


Early in the course of the studies described in the preceding 
sections, it was noted that the amount of water transpired by growing 
plants was tremendously greater than that evaporated directly from 
the surface of the soil. These results are based not only on com- 
parisons of the losses of water through trees growing in tanjts with 
losses of water from uncropped tanks, but also on the results of 
sampling the soil for moisture determinations in fallow and cropped 
areas in the field. Therefore, if it is established that the great 
majority of water is taken from the soil by plant transpiration, the 
results of sampling the soil in orchards, if such sampling be repre- 
sentative, might indicate the presence or absence of roots, which in 
turn would indicate the depth of soil necessary to be wetted at each 
irrigation. Por this reason, as well as for the direct bearing the 
results of such studies have on orchard practices, and the importance 
of information coucerning the movement of moisture in .soils, the 
studies reported in this section were undertaken. Purthermore, the 
absence of rains during the summer months in California makes the 
conditions unusually favorable for such studies and affords an oppor- 
tunity not generally met with in other sections. 

The conclusion that losses of moisture are occasioned by the up- 
ward movement of moisture from the lower moist layers of soil to 
the surface and dissipated into the air is based upon the familiar 
teaching that moisture is capable of moving in the soil in all directions 
through capillary forces. It is reasoned that moisture exists in the 
form of films around the soil particles and in wedge-shaped masses 
of water between the soil particles at the points of contact with each 
other, being held partly by the attraction of the non-water particles 
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for the water, and partly by the molecular attraction of the liquid 
itself. Adjoining particles with different thicknesses of moisture 
film s surrounding them hold different amounts of water in the 
adjacent capillary spaces. 

The amount of this capillary or imbibitional water in the soil is 
determined by a number of conditions. The most important of these 
is the number of soil particles, the soil texture, and the arrangement 
of the particles, or the structure of the soil. The depth of the soil 
to the level of standing water also is an important factor in determin- 
ing the amount of water held in the soil. Other conditions, which 
exert much less influence, are the temperature and the kind and 
quantity of material dissolved in the water. 

Briggs^^ points out that the moisture surface around the particles 
containing less amounts of water than adjacent particles will have 
greater curvature and consequently greater pressure outward. Moist- 
ure will move through the connecting film from the greater to the 
lesser mass until the pressure becomes the same, a process which 
takes place when the capillary spaces contain equal amounts of water. 
This movement can extend to any number of capillary spaces through 
any number of films. A decrease in the amount of water in the 
capillary spaces in the upper layers of soil would then be expected 
to result in water being drawn to that point. 

However, Buckingham^^ pointed out many years ago that when 
a soil is very wet, the water in the capillary spaces is continuous and 
the wedge-shaped masses merge into one another at. their edges. A 
current of water could flow through the soil without having to flow 
through the films. As the water content of the soil is reduced, the 
capillary masses or drops cease to be continuous and communicate 
with one another only through the film water. Then the resistance 
of these thin films to the flow of water is much greater than the 
resistance in the parts of the path which lie in the capillary water, 
and it is reasonable to assume that the movement is materially 
retarded. 

The commonly accepted idea of the part that cultivation plays 
in preventing the upward rise and consequent loss of moisture into 
the atmosphere is based upon the theory that by loosening the surface, 
rapid drying takes place and the soil particles are removed from close 
contact with each other. The first condition results in a decrease in 
evaporation, since the dry soil is assumed to act as a blanket; the 
second, reducing the points of contact, lessens the capillary pulling 
power. 
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The movement of moisture in soils contained in glass or metal 
cylinders and columns of soil in tanks or metal lined flumes, when 
the lower ends are in contact with free water, has received much 
study. The movement of moisture from moist soils to soils contain- 
ing lesser amounts of moisture, the field condition more frequently 
met with in California, has received less study. The work of Harris 
and Turpin,®® Alway and McDole,® Willard and Humbert,®^ and 
McLaughlin,^® is typical of many of the experiments dealing with 
moisture movement under controlled conditions in soils where a 
water table is not present. It might be mentioned in passing that 
the results obtained by these investigators all indicate, although some 
of them did not come to this conclusion, that the movement of moist- 
ure, especially in an upward direction, from moist soils to drier soils 
is slight in amount and extent, when the source of the moisture 
supply is not saturated soil in contact with a free w’ater surface. 

Numerous observations of moisture conditions in the field by soil 
sampling have been reported and, in many cases, the upward move- 
ment of moisture by capillary action, and consequent large losses by 
evaporation have been held to be extremely important. Widtsoe®® 
states that there is, soon after each irrigation, a steady iijn^ard 
movement of water causing a general drying out of the soil to great 
depths. Cameron-® maintained that the larger part of the water 
from rains in humid areas returns to the surface through distances 
of many feet. IlalP® holds that in some soils the capillary rise of 
water might be as much as 200 feet. 

King,®^ in many of the reports of the Wisconsin Agricultural 
Experiment Station and in his several text books, laid stress upon 
the losses of moisture through evaporation from the soil surface by 
upward capillary movement. Ililgard and Loughridge,®^ in the 
reports of the California Agricultural Experiment Station, held the 
same opinion. In the reports for 1897-1898 of this station, cultiva- 
tion to conserve soil moisture under semi-arid and arid conditions 
and the need for deeper cultivation under these conditions are 
strongly recommended. Fortier and Beckett-® studied the losses of 
moisture from irrigated soils contained in large tanks and state that 
soil mulches are effective in lessening these losses. 

On the other hand, Alway® concludes that but comparatively little 
water which has once passed below the first foot is lost by evapora- 
tion, and again the same investigator^ concludes that the loss of 
moisture from the subsoil of dry lands under crop seems to take place 
almost entirely through transpiration. Prom field studies extending 
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over seven years, Burr^® reached the conclusion that in order to obtain 
water the roots of plants must extend themselves into the soil where 
available water is present, rather than depend upon the water being 
brought to them by capillarity, since there seemed to be little upward 
movement of subsoil water in the absence of a water table. 

Loughridge,®® in reporting observations of moisture movement in 
citrus groves, lays stress on the loss of moisture by evaporation and 
upon the value of cultivation, but shows that there is relatively little 
lateral movement of moisture from irrigation furrows when the 
downward movement is not obstructed. Moreover, his data indicate 
that no loss of moisture by either upward or downward movement 
occurred below four feet in a citrus grove through the period of one 
month. He states, ‘‘It is extremely doubtful that water at a depth 
of more than five feet below the root systems will be of any benefit 
to the trees in times when needed, for the capillary rise is extremely 
slow.’’ Briggs, Jensen and McLane’® found that available moisture 
below the third foot did not prevent orange trees from wilting when 
the moisture content of the upper soil which contained the roots of 
the trees had been exhausted below the wilting coefficient. 

In studying the root systems of corn and sorghum in Kansas, 
Miller^^ found that there was little depletion of soil moisture below 
the depth to which the roots penetrated. Baker^ reports that the loss 
of moisture by direct evaporation from the surface of the soil is very 
small after the water has become distributed. It is reported by 
Young®® that the loss of moisture is largely by transpiration through 
plants. He also concludes that the soil mulch is not more effective 
than an unmulched soil in retarding evaporation. Call and Sewell* ® 
conclude that cultivation is not effective in preventing evaporation. 

Rotmistrov^^ makes the following statement after a number of 
years’ observation, “As regards the circulation (of moisture) in an 
upward direction, there exists a wrong impression, which our litera- 
ture has almost made a household word. It is maintained that water 
can rise to the surface from the deep layers by capillary action. I 
shall not name the authors who maintain this theory — ^they are too 
numerous — ^but I do not know of a single author who could prove 
this proposition,” and again “that water percolating beyond a depth 
of 40 to 50 centimeters does not return to the surface except by way 
of roots.” 

SewelB® reviewed much of the literature dealing with tillage, and 
since tillage is supposed to affect soil moisture, his conclusion, that 
cultivation may be necessary only to kill weeds and to keep the soil 
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in a receptive condition to absorb rainfall, may be of interest in this 
connection. Furthermore, Chilcott and Cole,^^ after an extensive 
investigation in the Great Plains, conclude, ‘^The quite general 
popular belief in the efficiency of deep tillage as a means of over- 
coming drought, or of increasing yields, has little foundation of fact, 
but is based on misconceptions and lack of knowledge of the form 
and extent of the root systems of plants, and of the behavior and 
movement of water in the soil.’’ 



Fig. 29. Soil tanks at Mountain View used to determine the losses of moisture 
by evaporation directly from the surface of the soil. Later the tanks were 
further protected from temperature changes by pieces of board sheathings cut 
to) fit around the tanks. 
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Losses of Moisture by Evaporation Directly from the Surface 
OF Bare Soils in Tanks 

Tanks similar to those in which the trees were planted were used 
during the summer of 1921 at Mountain View, in tests to determine 
the loss of water from bare soil by evaporation directly from the 
surface. These tanks were of two sizes: the smaller tanks with an 
exposed surface of 3.01 square feet held about 1000 pounds of soil; 
the larger tanks with an exposed surface of 3.69 square feet held 
about 1400 pounds of soil. The tanks, all of which were 48 inches 
deep, were packed with a Yolo clay loam soil, and the packing was 
such that it had the same volume weight as that of the field soil. The 
tanks were allowed to stand for six months before the tests were 
begun. The weight of water-free soil in each tank was known. 

On August 17, 1921, sufficient water was applied to all of the ta^ks 
except Nos. 23, 24, and 26, to equal a calculated average percentage 
of moisture in the soil of 20 per cent. It was thought undesirable 
to disturb the soil in the tanks; therefore, no samples were taken 
immediately after the water was applied. As a consequence, the dis- 
tribution of water in the soil in the tanks at this time is not known. 
However, the amount of water applied shnuld have been sufficient to 
wet all of the soil to within six inches of the bottom. More than 
enough water was applied to tanks Nos. 23, 24, and 26 to fill the soil 
to the maximum field capacity. The excess water was drained off 
during the first five daj^s after the water was applied’. These tanks, 
therefore, were wet throughout the entire depth of soil. 

The soils in nine of these tanks. Nos. 23, 25, 27, 29, 31, 33, 36, 38, 
and 41, were not disturbed after the water was applied to the surface, 
except to pull carefully any weeds which started to grow. The soils 
were cultivated to a depth of six inches in the tanks numbered 24, 26, 
30, and 39, as soon as possible after the water was applied. The soils 
in the tanks numbered 28, 32, 35, and 42 were cultivated to a depth 
of eight inches,' and the soils in the tanks numbered 34, 37, and 40 
were cultivated to a depth of ten inches. The soils were cultivated 
every week until the end of the test by means of a small five-pronged 
garden fork, which was thrust into the soil the desired depth, thus 
loosening and stirring it. This was followed by further cultivation 
with a small pointed hoe shaped somewhat like the blade on a shovel 
cultivator. This hoe was drawn backwards and forwards through 
the soil, thoroughly stirring it. The tanks were weighed at frequent 
intervals during the course of the test, which ran from August 17, 
1921, to November 4, 1921. The weighings were made with the 



Jan., 1927] Veihmeyer : Factors Affecting Irrigation of Deciduous Orchards 237 


portable derrick and suspension scales previously described. The 
arrangement of the tanks in the trench and the condition of the 
surface of the soil in some of the tanks is illustrated in figure 29, 
the photograph for which was taken on August 24, 1921, seven days 
after the water was applied. Later, the tanks were further protected 
from undue temperature changes by pieces of board sheathings cut 
to fit around the tanks. 

The accumulated loss from the beginning of the tests, August 17, 
1921, until November 4, 1921, at different times as determined by 
weighing with the portable derrick and suspension scales is given 
in table 29. Since the tanks differed in size, the loss is calculated 
as pounds to the square foot of surface exposed to evaporation. One 
pound of water to a square foot is equivalent to a depth of 0.19 
inches, or about inches, of water. The data in table 29 are shown 
graphically in figure 30. 

It will be noted that in every case the loss which occurred within 
the first week after the water was applied was approximately 50 per 
cent of the total loss which occurred within 80 days. The relatively 
rapid loss immediately after the application of water to the soils in 
the tanks is shown by the results obtained from observations made in 
1922 on tanks Nos. 26 and 27, containing Yolo clay loam, with an 
area exposed to evaporation of 3.01 square feet. These tanks were 
irrigated on May 14, 1922, with sufficient water to saturate the bottom 
six inches of soil in the tanks. The soil in tank No. 26 was found 
to contain an average moisture content of 23.9 per cent, and the soil 
in tank No. 27 contained 24.0 per cent moisture when samples were 
taken on October 25, 1922, 164 days after the water was applied. 
Tank No. 26 lost 14 pounds, and tank No. 27 lost 13 pounds during 
the week following irrigation. The accumulated loss at the end of 
the first month from tank No. 26 was 20 pounds, and from tank 
No. 27, 19 pounds. The total loss for the entire 164 days, or from 
May 14 to October 26, 1922, from tank No. 26 was 35 pounds and 
from tank No. 27, 32 pounds. The surface of the bare soil in these 
tanks were undisturbed except to pull weeds which started to grow. 

These rapid losses by evaporation from the soil surface, which 
immediately followed irrigation and which constituted about one-half 
of the total loss from this cause within a period of about three months, 
occurred before the surface of the soil was in condition to be properly 
cultivated. It will be seen, then, that the supposed efficiency of 
cultivation in controlling these losses is doubtful in any event, since 
so large a portion of the total loss occurs before the surface of the 
soil is dry enough to be properly cultivated. 
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TABLE 29 

Losses of Moisture in Pounds to the Square Foot* by Evaporation Directly 
FROM the Surface of Bare Soit^ in Tanks Containing Yolo Clay Loam 
AT Mountain View. Water was Applied to the Soil on August 17, 

1921. The Total Losses up to Each Date are Given 


• 


Area of 
soil in 

August 

September 

Oct. 

November 

Tank 

Treatment 
of soil 

tank ex- 
posed to 
evapora- 
tion, sq.ft. 

25 

27 

29 

2 

10 

16 

24 

30 

8 

1 

4 

23 


3.69 

4 0 

4.9 

5.4 

6.2 

7.3 

8 4 

8.4 

9.2 

9 2 

10.3 

10.3 

25 


3 01 

4 0 

4.6 

4.6 

5 6 

6 0 

6 6 

7.0 

7.6 

7.3 

8.0 

8.3 

27 


3 01 

4.6 

4 6 

5.3 

6 0 

6 6 

7.0 

7.3 

8 1 

7.6 

8 6 

»8.0 

29 

Undisturbed 

3.69 

4 9 

5 2 

5 9 

6 2 

7.3 

8.1 

8 1 

9 0 

9.2 

10.0 

10.0 

31 

except to 

3 01 

5 6 

6 0 

6 3 

7.0 

7 6 

8 0 

9.0 

9.3 

9 0 

10.0 

10.0 

33 

pull weeds 

3 01 

5 3 

6 0 

6 3 

7.3 

7 6 

8.0 

8.6 

9.0 

9 0 

9.6 

9.6 

36 


3 01 

3 6 

4.0 

4 3 

5.0 

6 0 

6 3 

7.3 

7.3 

8 0 

8.3 

8.6 

38 


3 01 

4.3 

5 0 

5 0 

6.0 

6 6 

7 3 

7 6 

8.0 

8 3 

10.0 

9.6 

41 


3 69 

4 6 

4 6 

5 4 

5.7 

6 5 

6 8 

7 0 

8.4 

8.4 

9.2 

9.2 


Average 


4 6 

5.0 

5.4 

6.1 

6 8 

7.4 

7.8 

8 4 

8.4 

9.3 

9.4 




:i=0 15 

±0 15 

±0 15 

±0 13 

±0.15 

±0 2 

±0 16 

±0 16 

±0.13 

±0 19 

±0.17 

24 

Cultivated 

3.69 

4 3 

4 8 

6 0 

6 2 

7 6 

7.8 

8 2 

9.0 

8.6 

10.0 

10.8 

26 

weekly to 

3 01 

5 0 

5 6 

5 6 

6.4 

7 6 

7.6 

8 6 

9.4 

9.4 

10.3 

10 3 

30 

depth of 

3.69 

4 1 

4 0 

4 8 

5.4 

6.8 

6.8 

7 0 

7.6 

7.6 

8.9 

9 2 

39 

6 inches 

3 01 

4 6 

5.0 

5 0 

5.4 

6.4 

6 6 

7.0 

8 0 

1 8 0 

8.2 

9 0 


Average 


4 5 

5 0 

5.4 

5.8 

7.0 

7.2 

7.8 

,8.4 

8 4 

9 4 

9.8 




±0.13 

±0.22 

±0 2 

±0 18 

±0 22 

±0 2 

±0.28 

±0 19 

±0.24 

±0 31 

±0.29 

28 

Cultivated 

3 01 

5 3 

5 4 

6 0 

6 4 

7 0 

7.6 

8.0 

8.4 

8.4 

9.6 

10.0 

32 

weekly to 

3.01 

5.0 

5 6 

5.6 

6 6 

7 a 

7.4 

8.0 

8 0 

8.4 

9.6 

10 0 

35 

depth of 

3.69 

3.8 

4.0 

4 4 

4 8 

6 0 

6.6 

7.0 

7.0 

7.0 

8.4 

8.4 

42 

8 inches 

3.69 

5.2 

5.4 

5.7 

6.0 

6 8 

7.4 

7.6 

8.2 

8.6 

9.5 

9.5 


Average 


4.8 


5.4 

ifl 

6.6 

7.2 

7.6 

7.8 

8.0 

in 

9.5 






±0 25 

±0.15 

B 


±0.15 


±0.24 


±0.25 

34 

Cultivated 

3.01 

4.3 


5.1 

5.3 

m 

6.6 

6.6 

Bra 

7.3 

8.1 

8.7 

37 * 

weekly to 

3.01 

■O 


5.0 

5.3 

6.4 

6.6 

7.0 

7.4 

7.4 

8.6 

8.6 

40 

depth of 

10 inchea 

3.01 

4.6 

4.6 

5.0 

5.2 

6.0 

6.7 

7.4 

7.4 

7.3 

8.6 

8.7 


Average 


4.3 

4.9 

ra 

5.4 


6.6 

7.0 

7.3 

7.3 

8.4 

8.7 




dhO.ll 


±0.03 




±0.16 






* One pound of water to a square foot is equivalent to 0. 19 inches of water. 












Fig. 30. Loss of water by evaporation directly from the surfaces of bare soils in tanks at Mountain View, 1921. 
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Several of the tanks were kept under observation for long periods 
of time. One of these, tank No. 25, which may serve to illustrate the 
extremely slow rate of loss of moisture after the first few weeks, had 
an area exposed to evaporation of 3.01 square feet. This tank was 
irrigated on August 17, 1921, and the bare surface of the soil was 
undisturbed except to pull the weeds which started to grow. The 
tank was covered during rains to prevent the addition of water to the 
soil in the tank after the initial irrigation. The losses from this tank 
for the period of August, 1921, to November, 1922, are graphically 
shown in figure 34. The total accumulated loss of moisture by 
evaporation at the end of different periods of time is given in table 31. 
On November 2, 1925, the total loss was 57 pounds, which is 18.9 
pounds to the square foot of surface exposed to evaporation, and is 
equivalent to a depth of about 3% inches of water in a period of 
over four years. The data (see table 31) when compared with those 
presented in Sections I and II show that amounts of water equivalent 
in depth to this were used very rapidly by mature prune and peach 
trees. This tank was at Mountain View up to February, 1923, and 
was then moved to Davis. 

When the average losses of moisture by evaporation from the 
uncultivated soil and the cultivated soils are compared, and the 
probable errors of the mean values are considered, it will be seen that 
there are no significant differences in the results obtained. Further- 
more, the average loss of water by evaporatsion directly from the 
surface of the bare uncultivated tanks in 80 days was* 9.4 ±; 0.17 and 
the average loss from the eleven cultivated tanks was also 9.4 zb 0.16. 
It is apparent, then, that cultivation seems to have little infiuence in 
controlling the amount of water evaporated from the bare surface of 
the soil in the tanks. 

Other comparisons between the losses of moisture from cultivated 
and uncultivated soils were made at Davis. Some of the tanks used 
in this way at Davis are shown in figure 21. The results have been 
the same as those obtained at Mountain View, in that apparently 
there are no real differences between the losses from the cultivated 
and uncultivated soils. During 1923 and 1924, a soil much lighter 
in texture than the soil previously used either at Davis or at Moun- 
tain View was tried. A sandy loam, with a moisture equivalent of 
15.7 per cent was packed in the tanks. The losses of moisture by 
evaporation from the surface of bare soils were determined for a 
period of 11 months. The average loss of moisture by evaporation 
during this time was 51 pounds to a tank, or 13.8 pounds to the 
square foot of area exposed to evaporation. This total loss is greater 
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than the loss from finer textured soils, such as the Yolo clay loam or 
the Yolo loam. The evaporation losses observed from field plots were 
also greater on the sandy soil. 


TABLE 30 

Percentage or Moisture in Soil in Tanks at Mountain View. Samples 
TAKEN November 4, 1921. Tanks Irrigated August 17, 1921 



Treatment of soil 

Depth of soil samples (inches) 

Depth of soil samples 
(inches) 

Totals 

Tank 

surface 

0-4 

4-8 

8-12 

12-16 

16-20 

0-12 

12-24 

24-26 

0-36 

23 


9.8 

16.1 

18.4 

20.4 

22.5 

13.4 

20.6 

24.0 

19.2 

25 


11.3 

15.9 

17.8 

17.3 

18.9 

13.2 

18.4 

19.7 

16.9 

27 


10.5 

14.9 

17.0 

18.9 

20.0 

18.4 

18.7 

17.6 

17.9 

29 

Undisturbed 

9.7 

16.0 

18.0 

19.7 

17.7 

16.2 

18.6 

18.6 

17.8 

31 

except to pull 

8.8 

15.5 

16.9 

18.5 

18.5 

13.7 

19.4 

18.1 

17.1 

33 

weeds 

8.2 

15.5 

16.5 

18.8 

18.6 

13.3 

18.7 

18.1 

16.7 

36 


8.7 

17.2 

18.1 

19.4 

18.4 

13.0 

17.4 

17.1 

16.0 

38 


9.3 

13.1 

18.3 

18.3 

17.0 

11.3 

17.7 

18.4 

15.5 

41 


8.3 

13.3 

18.2 

20.2 

19.1 

12.2 

19.4 

17.0 

15.6 
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Distribution and Total Amount of Moisture in Soil 
Following Exposure to EvalPOration 

Samples to determine the amount and distribution of moisture 
in the soil were taken on November 4, 1921, 80 days after the water 
was applied, in all of the tanks for which data are reported in table 
29. Samples of the soil in 4-inch layers to a depth of 20 inches were 
taken with a special large soil tube and samples in foot depths to 3 
feet were also taken. The results of these moisture determinations 
are given in table 30. 

Apparently there is little difference in distribution of moisture 
in the soil in the cultivated and uncultivated tanks. The greater 
amount of loss of moisture seemed to be confined largely to the 
upper 4 inches of soil. It will be noted that below 8 inches there, were 
very uniform percentages of moisture, even 80 days after the water 
was applied. 


TABLE 31 

Distribution of Moisture in the Bare Uncultivated Soil in Tank No. 25. 
Water was Applied to the Soil on August 17, 1921* 


Depth of soil samples, 
inches 

Moisture 

equiva- 

lent 


Dates samples were taken 


Nov. 4, 
1921 

Apr. 11, 
1922 

June 20, 
1922 

Dec. 15, 
1922 , 

Aug. 8, 
1924 

Nov. 2, 
1925 

0 to 4 

21.5 

11.3 

7.6 


6.8 

5.3 

4.3 

4 to 8 

22.6 

15.9 

13.8 


11.5 

5.7 

6.2 

8 to 12 

22.3 

17.8 

15.4 


13.4 

10.2 

9.8 

12 to 16 

23.1 

17.3 

16.6 


14.9 

11. 1 

11.4 

16 to 20 

22.5 

18.9 

17.3 


16.3 

13.0 

11.8 

Average 

22.4 

16.3 

14.2 


12.6 

9.2 

8.7 

0 to 12 

22.0 

13.2 

12.0 

10.8 

9.8 

6.3 

6.1 

12 to 24 

21.9 

18.4 

17.7 

18.0 

15.6 

10.6 

11.6 

24 to 36 

22.7 

19.7 

19.6 

17.0 

18.0 

15.5 

15.6 

36 to 42 

22.3 




19.0 

16.0 

16.0 








Average 

22.2 

17.1 

16.4 

15.3 

15.5 

12.1 

12.3 

Pounds lost since water was 







applied on Aug. 17, 1921... 

25 

35 

35 

37 

51 

57 


* The average mc^ture content calculated from the weight of dry soil in the tank was 20 per cent 
on August 17. 1921. However, the soil was not wet to full depth. The tank was covered during rains 
and no water was added after the appUoation on August 17, 1921. 
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Tank No. 25, from which the evaporation losses have been meas- 
ured for a long period of time, was sampled several times during the 
three years of these observations. The results of these moisture 
determinations are given in table 31. There was a gradual loss at 
an extremely slow rate throughout the entire depth of soil. This 
result was also noted in other tanks observed for long periods ; how- 
ever, it is remarkable that even after four years’ exposure to evapo- 
ration, the average moisture content of all of the soil in the tank was 
not reduced below the wilting coefficient. Whether the losses of 
moisture from the lower depths of soil were due to upward capillary 
movement, or to the gradual drying effect of the movement of air 
through the soil mass is not known. This point is discussed further 
in subsequent pages. 

The presence of relatively large amounts of water in the soil in 
these tanks, even after long exposure to evaporation was demonstrated 
in a rather striking way. Sixteen of the 20 tanks used in the evapo- 
ration experiment during the summer of 1921 were planted to vetch 
and barley after having been exposed to evaporation for 80 days, 
namely, on November 4, 1921. Since, as indicated in table 30, the 
first 4 inches of soil were too dry to germinate the seed, from 3 to 4 
pounds of water (less than one-half gallon) were added to the tanks 
after planting. Owing to a dry hot wind which followed the planting 
and dried out the soil before the seeds germinated, a few of the tanks 
received a subsequent application of a like amount of water. After 
the plants were up, they were thinned to a definite number to a tank. 
The number selected gave a stand comparable to that usual with 
cover crops in orchards. It was possible to mature satisfactory cover 
crops in these tanks.. The loss of moisture by evaporation during the 
previous 80 days, which is longer, than the usual time between irri- 
gations, had not been sufficient to prohibit the growth of cover crops. 
The tanks were covered during rains by means of a canvas drawn 
over a frame. The tanks containing the vetch and barley plants are 
shown in figure 31, as they were on March 10^ 1922. This figure 
shouW be compared with figure 29, in which the same tanks are 
shown. , 

Both the vetch and barley made the same growth in all of the 
tanks, and no difference could be distinguished between the growth 
made by the plants in the tanks which had been cultivated and those 
which had not been disturbed du^ring the 80 days preceding the 
planting of the seeds. Apparently, cultivation had not affected the 
amount of water available for growth or its distribution in the soil. 
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The growth made by the vetch in tank No. 36 is shown in figure 32. 
The soil in tank No. 36 was undisturbed for 80 days after the irriga- 
tion on August 17, 1921, and was in the condition shown in tank 
No. 35, figure 33. The growth made by the vetch plants in tank 
No. 30 is shown in figure 33. The soil in tank No. 30 was cultivated 
during the 80-day period and was in the condition shown in tank 
No. 29, figure 33. Tank No. 30 was larger than tank No. 36 and 
contained more plants, otherwise the growth and vigor of the plants 
was the same. The photographs were taken on May 6, 1922. 

The Yolo clay loam in these tanks had a relatively high moisture- 
holding capacity and the plants were grown for the greater part of 
the time when the transpiration losses were low. It is, of course, 
obvious that such an experiment could not be carried on with a sandy 
soil, or one with a low moisture-holding capacity, or during a time 
of the year when the atmospheric evaporating power was high. How- 
ever, it does clearly show that there was a relatively large quantity 
of water left in the soil after a long period of exposure to evaporation 
and that there were no differences in available moisture in the soils 
which had been cultivated and those which had not been cultivated 
during this period. 

The loss of water from four typical tanks used in these experi- 
ments is graphically illustrated in figure 34. The results obtained 
from tanks Nos. 30 and 36, which have just been described, are also 
shown in this figure. The increased loss after the vetch was planted 
in these tanks on November 4, 1921, is clearly shown.’ The total loss 
from tank No. 30, from August 17, 1921, to June 1, 1922, when the 
vetch was matured was 148 pounds. The loss from August 17, 1921, 
to June 30, 1922, from tank No. 36, which contained a fewer number 
of plants, was 110 pounds. The loss from August 17, 1921, to June 
20, 1922, from tank No. 25, the bare uncultivated tank, was only 35 
pounds. The loss was 39 pounds from tank No. 32, the bare cultivated 
tank during this time. 

After the crop of vetch was removed from tank 36, on June 20, 
1922, it was irrigated and vetch was again planted. On September 11, 
1922, this crop matured. During this time 295 pounds of water were 
used. The vetch was irrigated several times. The loss from the bare 
uncultivated tank No. 27, at this time of the year, is shown for 
comparison in figure 34. The loss from tank No. 36 after the crop 
was removed on September 11, 1922, and after it was again irrigated, 
is also shown. 
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rig. 31. Barley and vetch plants growing in tanks irrigated 80 days before 
the seeds were planted. Bain was prevented from wetting the tanks by means of 
the wooden frame and a canvas cover. Photographed March 10, 1922. 



Fig. 32. Vetch plants growing in tank No. 36 on soil which had been exposed 
to evaporation for a period of 80 days after irrigation and before the seeds were 
planted. The soil in this tank was uncultivated during this period, being in the 
same condition as that in tank No. 29, shown on the left in figure 33. Photo- 
graphed May 6, 1922. 
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Fig. 34. Loss of water from bare soils compared to the^ loss through plants. 
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Several tanks, among which was tank No. 27, for which the 
evaporation loss is shown in figure 34, were irrigated on May 13, 
1922, and the surface soil was undisturbed until October 26, 1922. 
During this time tank No. 27 lost 32 pounds through evaporation. 
On this date the soil to a depth of one foot in these several tanks was 
removed and thoroughly mixed on a piece of canvas and replaced in 
the tanks. Vetch seedlings, which had been grown in flats, were 
planted in the tanks. No water was applied to the soil and the tanks 
were protected from the rains. The vetch plants matured, making a 
growth comparable to that of similar plants in the orchards even 
though the uncultivated soils had been exposed to evai^oration from 
May 13, 1922, to October 26, 1922, a period of 167 days. 



Fig. 33. Veteh plants growing in tank No. 30 on soil which liad been 
exposed to evaporation for a period of 80 days after irrigation and before the 
seeds were planted. The soil in tixnk No. 30 was cultivated during tliis period 
and was in the same condition as that in tank No. 35, showm on the left in 
figure 32. Photographed May 6, 1922. 


Losses op Water prom Bare Soils Compared to Losses Through 
Plant Transpiration 

The data graphically illustrated in figure 34, details concerning 
which have been described, and the instances mentioned above, show 
that the losses by evaporation directly from the surface of the soil 
are a small portion of the total losses which occur from irrigated soils 
on which plants are growing during the summer. 

The records obtained from the tanks in which trees were growing 
also afford an opportunity to compare the losses by evaporation 
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directly from the soil surface and those through transpiration. While 
it can not be assumed that such comparisons are strictly quantitative 
they do serve to show that the losses by evaporation from the soil are 
extremely small when compared to the amount of water transpired 
by the trees. In 1921, a three-year-old prune tree in a tank used 
585 pounds of water between May 21 and November 21, a period of 
six months, while a similar tank containing the same kind of soil with 
a high moisture content but uncropped, lost only 28 pounds of water 
within the same time, an amount no greater than this small tree used 
in one instance within three days. This same tree, from March 1, 
1922, to November 4, 1922, used 1250 pounds of water, while the 
uncropped tank, which was irrigated February 11 with 23 pounds 
of water, again lost only 28 pounds of water between this date and 
November 4, 1922. Tank No. 2, the bare uncultivated tank just 
mentioned, contained Yolo loam, which had been packed in th^ tank 
in 1912, and had not been disturbed since that time. 

A further illustration of the demand made upon the soil-moisture 
supply by growing plants is shown in the record of the use of water 
by morning glory {Convolvulus arvensis) plants grown in a tank. 
This tank was 23^/^ inches in diameter and 48 inches in depth, and 
was packed with Yolo clay loam at Mountain View, in February, 1921. 
It was one of the series used to determine the losses of moisture by 
evaporation directly from the surface of the soil in which the soil 
was cultivated to a depth of six inches following the application of 
water on August 17, 1921. The loss of water by evaporation from 
this tank for the first 80 days after irrigation, given in table 29, was 
31 pounds, or 10.3 pounds to a square foot. The total loss of moisture 
by evaporation from August 17, 1921, to May 13, 1922, the date on 
which water was again added to the soil, was only 41 pounds or 13.6 
pounds to a square foot. The tank was irrigated again on May 13, 
1922, but the surface soil was undisturbed until October 26, 1922. 
Between May 13 and October 26, 1922, only 35 pounds of water were 
lost by evaporation. Vetch plants were set on October 26, 1922, and 
grew to maturity without additional water being applied in this tank 
as they did in tank No. 27, which has been described. The vetch was 
taken out of the tank in June, 1923, and the soil was undisturbed 
throughout the summer. 

Three pieces of morning glory {Convolvulus arvensis) roots were 
planted in the tank on October 11, 1923, and the soil was thoroughly 
irrigated. Early in the spring of 1924, the roots began to grow, and 
by March 28, 1924, leaves had begun to appear. The soil was irri- 
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gated 10 times up to August 19, 1924. Between March 28, 1924, and 
August 19, 1924, a period of 144 days, the tank lost 704 pounds of 
water. The appearance of the plants on August 19, 1924, is shown 
in figure 35. It will be seen that the surface of the soil was well 
shaded by the plants ; there was probably little loss of water by direct 
evaporation from the soil surface. The record of the loss of water 
from the young plants in this tank, for a period of 23 days, from 
May 7 to May 30, 1924, of 120 pounds is surprising when it is con- 
sidered that tank No. 25, which contained the same kind of soil, but 
which was bare and uncultivated, lost only 57 pounds of water in a 
period of over four years. The loss from the plants in 23 days was 
more than twice as much as from the bare soil in four years. 



Fig. 35. Tank 26, containing morning glory {Convolvulus arvensis) plants. 
Photographed August 19, 1924. 


A number of such data might be cited, all of which would show 
that the amount of water lost by direct evaporation from the surface 
of the soil under conditions prevalent in California is extremely small 
when compared to that transpired by plants. 

That the loss of moisture by evaporation from the surface of the 
soil is a very small portion of the total losses from the soil may be 
true only under conditions governing these experiments. The losses 
of moisture by evaporation may become a large portion of the total 
amount of water applied to the soil, whether by rainfall or by irri- 
gation, if these applications are in small amounts and are made on 
light soils in the warmer part of the year when evaporation is high. 
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Small amounts of water applied will wet the soil to shallow depths 
only and evaporation will cause much of the moisture retained in 
these depths to be lost. However, in California the rains usually 
come when the atmospheric evaporation power is low, and the usual 
practice is to apply water in irrigation in amounts sufiScient to wet 
the soil to considerable depths. Therefore, the amount lost from the 
upper few inches of soil is a small portion of the total amount applied. 


The Loss of AIoisture by Evaporation prom Bare Soils in 
Field Plots 

Trials with field plots also were made to determine the loss of 
moisture by direct evaporation from the soil. The effect of cultiva- 
tion was studied in these trials as it was in the tanks. The plots 
were located at Davis, on Yolo loam soil; at Mountain View, op Yolo 
clay loam soil; at Delhi, in the San Joaquin Valley, on Oakley fine 
sand ; and at Whittier on a Yolo clay. These locations represent a 
wide range in climatic conditions and in soils. At each place four 
plots were laid out and prepared for irrigation. Each of the plots 
was 20 feet wide by 90 feet long, an area large enough to be cultivated 
by farm machinery, and yet not too large to be adequately sampled 
for moisture determinations. In all but one of these trials, that at 
Whittier, the plots were arranged side by side. The arrangement of 
the plots is shown in figure 36. The plots were separated from each 
other by a dry strip 10 feet wide. The places where samples were 
taken are indicated by the circles and numbers. The plots at Whittier 
were arranged in pairs, one uncultivated plot being opposite one culti- 
vated plot. 

Fairly level pieces of ground were selected, far enough removed 
from trees to prevent the extraction of moisture through their roots. 
Levees were constructed to enclose the four plots, and several cross- 
levees were thrown up across them to enable a more even application 
of the water. The water applied to each plot through the delivery 
ditch to the ditches along the high sides of each plot was measured 
over a weir with a hook-gage. It was possible to apply a definite 
depth of water to each plot by this means. Samples were taken 
before irrigation and the water necessary to wet the soil to a depth 
of five feet was calculated and applied. 

Two of the plots at each location were cultivated to a depth of 
six inches as soon after irrigation as was possible. The cultivations 
were repeated at weekly intervals until the end of the experiment. 
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The other two plots were untouched, except to remove weeds by care- 
ful hoeing, as they appeared. Different types of tools were used in 
the different locations to cultivate the plots. Usually a disk was used 
first and then a spring-tooth harrow. In fact, the cultivations given 
each . w^k were done as thoroughly as possible, and were more 
thorough than those given by the average orchardist. 



Fig. 36. The arrangement of the field plots used to determine the loss of 
moisture from bare cultivated and bare uncultivated soils. The places where 
samples were taken are indicated by circles and numbers. 


The condition of the soil two months after irrigation in the culti- 
vated plots at Whittier is shown in figure 37, and the condition of 
the uncultivated plots is shown in figure 38. These conditions were 
typical of those at the other locations. The cultivated plots were 
cultivated immediately after taking the weekly set of samples for 
moisture determinations. In the uncultivated plots there was some 
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Fig. 37. Condition of the Yolo clay soil in the cultivated plots at Whittier, 
two months after irrigation. 



Fig. 38. Condition of the uncultivated Yolo clay soil in the uncultivated plots 
at Whittier, two months after irrigation. The place of sampling is indicated by 
the stake in the foregound and the special tube used to take samples in 4‘inch 
depths is shown. 
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disturbance of the soil at the places where samples were taken, but 
it may be seen from figure 38 that this was slight and certainly not 
equivalent to cultivation. 


Method of Sampling the Plots 

Samples were taken with a soil tube, and all of the soil removed 
from the hole was retained in making moisture determinations. The 
soil from the upper 3 feet was placed in a soil can, and the soil from 
the second 3 feet, or from 3 to 6 feet, was kept separately and moist- 
ure contents were determined for these two depths of soil. Samples 



Fig. 39. The manner of spacing the holes around the stake indicating the 
place of sampling for moisture determinations in the field plots used in the 
evaporation trials. Photograph taken in one of the uncultivated plots at Moun- 
tain View two months after irrigation. 


were also taken in depths of 4 inches to a total depth of 20 inches 
in all of the plots, and in some cases the soil-moisture content in foot 
depths was determined. The special large soil tube shown in figures 
37 and 38 was used to take these 4-inch samples. 

Eleven samples were taken in each plot as indicated in figure 36. 
These were spaced 10 feet apart, and the outer holes, such as 47, 54, 
39, and 46, were 5 feet from the edge of the plots. Samples, which 
were only 2^ feet from the wetted areas, were taken in the strips 
between the plots as indicated by holes numbered 1, 2, 6, 7, 11, 12, 
etc. Samples, indicated by holes 55 to 62 in figure 36, were also taken 
around the outer edges of the plots. 
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The manner of sampling at each place is shown in figure 39, which 
indicates the condition in one of the uncultivated plots in the Santa 
Clara Valley at Mountain View, two months after irrigation. The 
first sample was taken at a definite distance from the stake which 
had been placed before irrigation. The hole made at the next 
sampling was a measured distance from the last hole. This method 
was followed until a circle was completed around the stake. Then 
the place of sampling was moved out 6 inches further from the stake, 
and a new circle of holes was started. The holes made in sampling 
in the uncultivated plots were not refilled, since it was thought that 
this addition of soil might be considered to constitute a mulching. 
Of course, in the cultivated plots the stakes were removed before 
cultivating. These were replaced before the next set of samples were 
taken by surveying from fixed points outside the plots, so that the 
places of sampling were fixed. In this way the possibility of , obtain- 
ing the same type of soil at each sampling is thought to have been 
greater than if even a much greater number of samples were taken 
at random in the plots. 

Attention again is called to the difficulty in obtaining representa- 
tive samples even in such small areas as the plots used in the present 
study. Considerable variation was found in the amount of moisture 
contained in different samples taken simultaneously from the same 
localities in the plots. Of course, this is due in part to differences 
in the water retentiveness of the soil in the samples and it is not 
improbable that errors were caused by inequalities in drying the 
samples. Drying usually extended over long periods and was never 
less than three days with the larger samples, but even then constant 
weights were not always obtained. 

It must be kept in mind that the interpretation of soil-moisture 
data is extremely difficult, and wide differences must be obtained 
to be significant. However, the probable errors are listed in each 
case, since they do serve to indicate the range of variation of the 
individual values used in calculating the means. It is thought that 
the number of samples taken was sufficiently great to calculate the 
significance of the results by the standard method ; that is, the differ- 
ence must be 3.2 times the probable error of the difference before it 
begins to be significant. 

The means of moisture equivalent determinations of the soils in 
the different plots are given in table 32. At least 250 samples from 
each group of plots at each of the five locations were centrifuged. 
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These moisture equivalent determinations were made on 30-gm. 
weighed samples and they may be used to indicate the relative 
moisture retentiveness of the different soils. 


Results of Sampling the Plots 

The data obtained from the plots at Davis are summarized in 
table 33. The moisture content of the plots was quite high before 
irrigation. The plots were irrigated with amounts of water estimated 
to raise the moisture content of the soil to 22 per cent to a depth of 
6 feet. The water was applied on August 2, 1921, and the tests were 
run until September 23, 1921, after which rains caused them to be 
discontinued. In addition to the fact that no real difference exists 
between the moisture contents in the cultivated and uncultivated 
plots, the record of the moisture conditions in the soil from 3 to 6 
feet in depth is especially interesting since the data indicate that 
there was no change in the moisture content below the third foot. 
The samples taken on August 3 were from 12 to 20 hours after irri- 
gation. Those on August 5 were taken approximately 72 hours after 
irrigation. Probably there was a downward movement of moisture 
between the samplings on August 3 and August 5, but from August 5 
to September 23 there was practically no loss from the lower 3 feet 
of soil. 

TABLE a2 


Mean Values for the Moisture Equivalents of the Boil in the Plots Used 
TO Determine Losses by Evaporation 


Location of plot 

Soil 

SaroplcR of soil 
from 0-3 feet 
in depth 

Samples of soil 
from 3-6 feet 
in depth 

Average for 

0-6 feet in 
depth 

Delhi 

Oakley fine sand 

5.77=b0.77 

ll.09±0.24 

8.43db0.12 

Davis 

Yolo loam 

23.82=t0. 14 

20.77=fc0.19 

22.29=b0. 12 

Santa Clara 

Yolo clay loam with 
gravel 

15.02±0.14 

20.13=fc0.27 

17.57=4=0.15 

Whittier 

Yolo clay 

24.18±0.07 

26.65=b0.10 

25.41=b0.00 


The relatively slight losses of moisture from the soil below the 
first foot after the moisture had become distributed, a condition which 
was observed in all of these tests, are indicated in table 34. The 
moisture content of the soil in foot depths to a depth of 6 feet is 
given in this table, and it will be noted from these data that the losses 
of moisture from the soil seem to be confined almost entirely to the 
first foot. 
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In order to convey some idea of the relative quantities of water 
present in the soil at different times during the test, the moisture 
contents given in table 34 are given in table 35 in amounts of water 
in acre-inches to the acre. 

The plots at Mountain View, in the Santa Clara Valley, were 
irrigated on June 26, 1921. The results of sampling the soil for the 
determination of the moisture contents are given in tables 36 and 37. 
The results of sampling in the cultivated and uncultivated plots are 
very close. As in the plots at Davis, it was found that the moisture 
content of the lower 3 feet of soil remained practically constant. The 
samples taken on June 27 were made from 12 to 24 hours after the 
water was applied; and some downward movement may have taken 
place between this time and that of the sampling on June 28, which 
was about 48 hours after irrigation. 


TABLE 33 

Summary or Soiu-Moisture Contents in Tiireb-Foot Depths in Percentages 
ON A Dry-Weight Basis in the Bare Cultivated and Uncultivated 
Plots at Davis. Irrigated August 2, 1921 


Depth of 
soil 

sampled, 

feet 


Aug. 3 

Aug. 5 

Aug. 8 

Aug. 15 

Aug. 26 

Sept. 23 

0.3 

Cultivated 

23.7 

21.0 

20.3 

18. S 

18.3 

18.1 



±0.86 

±0.32 

±0.25 

±0.26 

±0.26 

±0.19 


Uncultivated 

25.5 

22.3 

21.1 

19.7 

19.5 

18.0 



±0.57 

±0.18 

±0.22 

±0.16 

±0.17 

±0.14 

3-6 

Cultivated 

19.1 

17.9 

20.0 

18.2 

19.2 

18.2 



±0.29 

±0.52 

±0.42 

±0.32 

±0.27 

±0.31 


Uncultivated 

20.5 

19.4 

18.9 

18.5 

19.3 

18.6 



±0.65 

±0.37 

±0.25 

±0.24 

±0.25 

±0.27 

0-6 

Cultivated 

21.4 

19.4 

20.2 

18.5 

18.8 

18.2 



±0.45 

±0.30 

±0.2^4 

±0.21 

±0.19 

±0.18 


Uncultivated 

23.0 

20.8 

20.0 

19.1 

19.4 

18.3 



±0.43 

I 

±0.21 

±0.17 

±0.14 

±0.15 

±0. 15 


Barley had been planted on the areas where the plots subsequently 
were laid out at Mountain View and at Davis. The crops were 
removed just* before the tests were started. The amounts of water 
transpired by the plants had not reduced the moisture contents of 
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the soils from the depth of 3 to 6 feet below that to which they had 
been raised by the winter rains. The amounts of water applied to 
the plots at the beginning of the tests were estimated to be sufficient 
to raise the moisture content of the soil to its field capacity to a depth 
of 6 feet, and in so far as could be judged by appearance and by 
feeling, the soil below the top 4 to 8 inches in the plots at both loca- 
tions remained in this condition throughout the period of observation. 


TABLE 34 

Summary op Soil-Moisture Contents in Foot Depths in Percentages on a 
Dry-Weight Basis in the Bare Cultivated and Uncultivated 
Plots at Davis. Irrigated August 2, 1921 


Depth of 
soil 

sampled, 

feet 


Aug. 3 

Aug. 5 

Aug. 8 

Aug. 15 

Aug. 26 

Sept. 23 

0-1 

Cultivated 

25.9 

±0.79 

22.2 

±0.37 

20.2 

±0.65 

16.3 

±0.63 

15.3 

±0.53 

16.2 

±0.52 


Uncultivated 

27.4 

±0.52 

23.4 

±0.28 

20.0 

±0.22 

17.4 

±0.20 

17.9 

±0.28 

15.2 

±0.26 

1-2 

Cultivated 

22.6 

±0.86 

21.1 

±1.01 

21.0 

±0.69 

20.6 

±0.36 

19.8 

±0.32 

19.9 

±0.32 


Uncultivated .. .. 

25.9 

±0.35 

23.6 

±0.25 

21.3 

±0.21 

21.3 

±0.37 

21.1 

±0.31 

i 20.0 

±0.23 

2-3 

Cultivated 

21.7 

20.4 

19.9 

20 6 

20.0 

21.6 



±1.04 

±0.94 

±0.74 

±0.54 

±0.35 

±0.84 


Uncultivated ... . 

23.3 

±1.14 

21.9 

±0.34 

21.9 

±0.25 

20.8 

±0.33 

21.7 

±0.38 

19.5 

±0.45 

3-4 

Cultivated 

18.4 

±0.61 

16.9 

±0.64 

18.5 

±0.86 

17.0 

±0.45 

17.7 

±0.32 

17.1 

±0.26 


Uncultivated 

1 

1 

20.5 

±0.70 

19.4 

±0.74 

17.8 

±0.57 

17.9 

±0.54 

18.1 

±0.36 

18.2 

±0.36 

4^5 

Cultivated 

18.7 

±0.53 

17.2 

±0.97 

19.2 

±1.29 

17.7 
±0 82 

18.6 

±0.59 

17.9 

±0.51 


Uncultivated 

19.3 

±0.87 

20.1 

±0.59 

19.6 

±0.44 

18.2 
±0.69 1 

19.4 

±0.84 

19.3 

±0.59 

5-6 

Cultivated 

20.7 

±0.44 

20.7 

±0.99 

20.3 

±1.11 

18.0 

±1.31 




Uncultivated 

22.2 

±0.87 

21.3 

±0.65 

21.9 

±0.58 

21.8 

±0.63 

22.8 

±1.06 

22.4 

±0.83 
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TABLE 35 

Summary or Soil-Moisture Contents in Thbeb-Foot Depths in Acre-Inches 
TO THE Acre in Babe Cultivated and Uncultivated Plots 
AT Davis. Irrigated August 2, 1921 
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The moisture equivalents for the soil in these Santa Clara Valley 
plots do not agree with the moisture content in the soil after irriga- 
tion. The soil was (juite gravelly, as figure 39 shows. The field 
samples, of course, include much of the gravel which holds very little 
water, and the moisture content is calculated on the basis of the total 
dry weight of the soil in the samples. Therefore, as might be ex- 
pected, the field moisture content determinations are lower than the 
moisture equivalents which are made only on soil particles less than 
2 mm. in diameter. 


TABLE 37 

Summary or the Scil-Moisture Contents in Thrfe Foot Depths in Acre 
Inches to the Acre in the Cultivated and Uncultivated Plots 
AT Mountain View, in the Santa Clara Valley 
Irrigated June 2(>, 1921 


Depth of 
soil 

sampled, 

feet 


June 

27 

June 

28 

June 

30 

July 

7 

July 

14 

July 

21 

July 

28 

Aur. 

4 

0-3 

Cultivated 

6.43 

5.73 

5.27 

4.97 

4.76 

4.81 

4.71 

4.10 



±0.26 

±0.19 

±0.18 

±0.18 

±0.15 

±0.16 

±0. 13 

±0.14 


Uncultivated. . 

5.73 

5.37 

5.73 

5.37 

5.27 

4.86 

5.02 

4.51 



±0.27 

±0.22 

±0.19 

±0.17 

±0.22 

±0.15 

±0.16 

±0.15 

3-6 

Cultivated. . .. 

8.21 

7.25 

7.04 

7.75 

8.06 

8.06 

7.85 

7.55 



±0.27 

±0.22 

±0.22 

±0.19 

±0.21 

±0.21 

±0.20 

±0.17 


Uncultivated. .. 

7.65 

7.75 

7.50 

7.80 

7.85 

7.60 

7.55 

7.60 



±0.19 

±0.21 

±0 17 

±0.13 

±0.15 

±0.13 

±0.14 

±0.15 

0-6 

Cultivated 

14.64 

12.98 

12.31 

12.72 

12.82 

12.87 

12.56 

11.65 



±0.37 

±0.29 

±0.28 

±0.26 

±0.25 

±0.26 

±0.24 

±0.21 


Uncultivated... 

13.38 

13.12 

13.23 

13.17 

13.12 

12.46 

12.57! 

12.11 



±0.33 

±0.30 

±0.26 

±0.21 

±0.26 

±0.19 

±0.21 

±0.20 


The summary of the moisture determinations in the cultivated and 
uncultivated plots at Delhi are given in tables 38 and 39. Table 38 
gives the moisture contents in percentages and table 39 gives the same 
data calculated as acre inches to the acre. These plots were irrigated 
on July 7, 1921, and the soil was wet to a depth of feet. The 
determinations of moisture content were carried on until December 3, 
1921, after which heavy rains caused the sampling to be discontinued. 
The rainfall from September 9 to December 3 was 0.76 inches. This 
came in light showers ; most of it evaporated soon after the surface of 
the soil was wetted. The soil was wetted by these rains only to a 
depth of about 4 inches. 
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The test at Delhi was repeated during 1922, the same plots being 
used as in 1921. The results of sampling the plots during 1922 are 
given in table 40. The plots were not irrigated in 1922 but were 
wet by rains which did not cease until early in May. No further rain 
fell until after the last date of sampling, September 8. A rainfall of 
0.48 inches occurred just before the first set of samples was taken on 
May 9, 1922, and the soil was found to be wet to the full depth of 
6 feet on this date. 

TABLE 38 


SuMMABY or Soil- Moisture Contents in Three-Poot Depths in Percentages 
ON A Dry- Weight Basis in the Barb Oultivateo and Uncultivated 
Plots at Delhi, 1921. Irrigated July 7, 1921 


Depth 
fo soil 
sampled, 

. feet 


July 

8 

July 

9 

July 

11 

July 

16 

July 

23 

July 

30 

Aug. 

6 

Aug. 

20 

Sept. 

9 

f 

Dec. 

3 

0-3 

Cultivated 

7.6 

6 6 

6 1 

5 7 

5.4 

4 8 

4.6 

4.2 

3.7 

4.6 



±0 19 

±0.24 

±0.17 

±0.12 

±0.09 

±0.11 

±0.07 

±0.07 

±0.05 

±0.07 


Uncultivated.. 

8.1 

6.8 

6 1 

5.2 

4.8 

4.4 

4.0 

3 5 

3 3 

4.3 



±0 32 

±0 21 

±0.16 

±0 10 

±0 07 

±0.08 

±0.05 

±0.05 

±0.06 

±0.03 

3-6 

Cultivated 

6.5 

6 2 

6 2 

7 2 

7.5 

7 4 

7.6 

7.1 

7.7 

7.1 



d=0.32 

±0.24 

±0 32 

±0.34 

±0.28 

±0.42 

±0.32 

±0.29 

±0.27 

±0.20 


Uncultivated . . 

6.3 

5.9 

7.4 

6.3 

7.1 

7.4 

7.0 

7.3 

6.4 

7.7 



dbO.29 

±0 22 

±0 26 

O 

-H 

±0.29 

±0.26 

±0 28 

±0.24 

±0.30 

±0.24 

0-6 

Cultivated .... 

7.1 

6.4 

6 2 

6 5 

6 5 

6 1 

6.1 

5.6 

5.7 

5.9 



±0.18 

±0.17 

±0.17 

±0.18 

±0.15 

±0 22 

±0.16 

±0.15 

±0.14 

±0.11 


Uncultivated... 

7.2 

6.4 

6.8 

5.8 

6.0 

5.9 

5 5 

5.4 

4.9 

6.0 



±0 21 

±0.15 

±0.15 

±0 20 

±0.15 

±0.14 

±0 14 

±0.12 

±0 16 

±0.12 


The cultivated plots were given the same treatment in 1922 as 
in 1921, and an attempt was made to keep the uncultivated plots free 
from weeds. At Delhi, as well as at the other localities, this was 
found to be very difficult during the first week or two after the 
wetting of the soil. The weeds could not be removed or scraped off 
with a hoe without disturbing the surface of the soil until they were 
several inches high and their presence could be detected. The loss 
of moisture through transpiration even from such small plants may 
have been appreciable under the hot interior valley conditions in 
California, and the apparent difference in soil-moisture content of 
about y 2 ot 1 per cent between the cultivated and uncultivated plots 
at Delhi from July 16 to the last date of sampling in 1921 may be 
due, at least in part, to this cause. 

The rapidity with which water was taken from the sandy soil at 
Delhi by the rather sparse grasses is illustrated by the following ex- 
periment; A series of samples was taken on April 15 from an area 
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immediately adjoining the plots on which some grasses had been 
allowed to grow during the spring of 1922. The soil-moisture content 
in the upper 3 feet was 6 per cent and 11 per cent in the lower 3 feet. 
Samples taken May 9, showed that the moisture content of the upper 
3 feet of soil was 2.7 per cent and that of the depth from 3 to 6 feet 
was 5.0 per cent. On June 30 the average moisture content of the 
upper 3 feet of soil was only 0.8 per cent, and samples could not be 
taken below the 3-foot depth since the dry sand would fall into the 
hole made by the soil tube. 


TABLE 39 

Summary op Soiu-Moisture Contents in Three-Foot Depths in Acre Inches 
TO THE Acre in the Cultivated and Uncultivated Plots at 
Delhi, 1921. Irrigated July 7, 1921 


Depth 
of soil 
sampled, 
feet 


July 

8 

July 

0 

July 

11 

July 

16 

July 

23 

July 

30 

Aug. 

6 

Aug. 

20 

Sept. 

9 

Dec. 

3 

0-3 

Cultivated . . 

3 04 

3 42 

3.17 

2.06 

2.80 

2 48 

2 30 

2 18 

1 02 

2.30 



±0 10 

±0.12 

±0 00 

±0 06 

±0 05 

±0 06 

±0 04 

±0 04 

±0 03 

±0 04 


Uncultivated. . 

4 20 

3 53 

3.16 

2 70 

2 40 

2 28 

2 07 

1 82 

1.71 

2 23 



db0.16 

±0.12 

±0 08 

±0 05 

±0.04 

±0 04 

±0 03 

±0 03 

±0 03 

±0 02 

3-6 

Cultivated . . 

3 37 

3 21 

3 22 

3 74 

3.89 

3 84 

3 94 

3 68 

3 99 

3 68 



±0.17 

±0.12 

±0 17 

±0.18 

±0.14 

±0 22 

±0.17 

±0 15 

±0 46 

±0 10 


Uncultivated ... 

3 26 

3.06 

3 84 

3 27 

3.68 

3.84 

3.63 

3 78 

3 32 

3.90 



±0.15 

±0.11 

1 

±0.14 

±0 17 

±0 15 

±0 14 

±0.14 

±0.12 

±0 15 

±0.12 

0-6 

Cultivated 

7.31 

6 63 

6.30 

6.70 

6 60 

6 32 < 

6 33 

5 82 

5 91 

6.07 



±0.10 

±0.18 

±0 18 

±0.18 

±0 16 

±0 23 

±0 17 

±0.16 

±0.10 

±0 11 


Uncultivated... 

7.46 

6 50 

7 00 

5.07 

6 17 

6 12 

5 70 

5 60 

5 03 

6.22 



±0.22 

±0.16 

±0 16 

±0.21 

±0.16 

±0 15 

±0.15 

±0 12 

±0.17 

±0.12 


The soil below 3 feet at Delhi is very fine, compacted and cemented, 
but the water slowly penetrates into this layer. The larger probable 
errors in the averages of moisture contents of samples taken from 
3 to 6 feet in these plots indicates the variability of this soil. On 
the other hand, the smaller probable errors in the means of the results 
of sampling from 0 to 3 feet indicate that this layer is fairly uniform. 
The average moisture equivalent of the soil in the cultivated plots in 
the upper 3 feet was found to be 5.98 per cent and that of the second 
3 feet was 11.78 per cent, while the moisture equivalents of the two 
depths of soil in the uncultivated plots were 5.49 per cent and 10.40 
per cent, respectively. This indicates that the soil in the uncultivated 
plots had a smaller water-holding capacity than that in the cultivated 
plots. This also is suggested by the results of the sampling on May 9, 
1922, reported in table 40. 
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The total losses of moisture by evaporation seem to be greater 
from the sandy soil than from the finer textured soils. However, 
these losses seem to be confined almost entirely to the upper layers 
of soil. The data in tables 38, 39, and 40 indicate that no losses 
occurred from the 3 to 6 foot depth.* 

TABLE 40 

Summary or Soil-Moisture Contents in Three-Foot Depths in Percentages 
ON A Dry- Weight Basis in the Cultivated and Uncultivated 
Plots at Delhi, 1922 


Depth of 
soil 

sampled, 

feet 


May 9 

June 30 

July 24 

Sept. 8 

0-3 

Cultivated 

Uncultivated 

6.3d=0.03 

5.5d=0.06 

4.0=b0.04 

3.3=t0.06 

3.5d=0.04 

2.9±0.05 

2.9^0.04 

2.5±0.04 

3-6 

Cultivated 

Uncultivated 

12.0±0.29 

10.8=t0.43 

10.8=t0.37 

9.4=b0.27 

10.6=fc0.31 

9.3=b0.36 

10.6±0.31 

9.8±0.40 

0-6 

Cultivated 

Uncultivated 

9.1dh0.15 

8.1=b0.21 

7.4±0.19 

6.4±0.14 

7.0=t0.16 

6.1=b0.18 

6.7±0.16 

6.2=b0.20 


The plots at Whittier on the clay soil w^ere irrigated July 15, 
1921. A depth of water equivalent to 4 inches was applied to all of 
the plots. Although a crop of barley had been raised during the 
previous winter and spring, the soil seemed still to be moist on July 
14, 1921, when samples were taken before applying the water. On 
this date, the average moisture content of the soil from 0 to 3 feet 
was 11.8 per cent and from 3 to 6 feet it was 12.6 per cent. After the 
water was applied, the surface of the soil remained so wet that the 
first set of samples following irrigation could not be taken until 
July 21. 

The results of the sampling in the plots at Whittier, given in 
table 41, seem low when compared with the moisture equivalents for 
these plots given in table 32, but the soil seemed to be amply moist. 
This high moisture content was apparent when the samples taken in 
the areas where the water had been applied were compared with those 
taken in the strip between the plots. This lack of agreement between 
the maximum field capacity and the moisture equivelant, in this case, 
may be due to the difficulty in making moisture equivalent determina- 
tions on heavy soils when 30-gram samples are used as had been 
,||ointed out by Joseph and Martin®® and Veiluneyer, Israelsefi autd 
<5onrad.®" 
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The percentages of moisture given in table 41 have been calculated 
as equivalent amounts of water in acre-inches to the acre and arc 
reported in table 42. Here, again, it will be seen that the differences 
between the moisture contents of the soil in the cultivated and 
uncultivated plots are not significant and that the losses of moisture 
are confined to the upper 3 feet of soil, since the data show no change 
in moisture content in the lower 3 feet of soil throughout the period 
of observation. 


TABLE 41 

Summary of the Soil-Moisture Contents in Three- Foot Depths in Percent- 
age ON A Dry-Weight Basis in the Cultivated and Uncultivated 
Plots at Whittier. Irrigated July 1.5, 1921 


Depth of 
soil 

sampled, 

feet 


July 21 

1 

July 28 

Auk. 4 

Aug. 11 

Aug. 18 

Sept. 3 

Sept. 20 

0-3 

Cultivated 

17.3 
±0 25 

16.0 

±0.20 

16.2 

±0.26 

16.2 

±0.21 

[ 15.6 
±0.18 

16.4 

|±0.22 

15.9 

±0.18 


Uncultivated. . 

18.0 

±0.24 

17.1 

±0.18 

16.4 

±0.15 

16.5 
±0. 13 

15.7 

±0.18 

16.4 

±0.15 

15.5 
±0. 15 

3-6 

Cultivated 

15.3 

±0.21 

15.1 

±0.22 

15.3 

±0.26 

15.5 

±0.28 

14.8 

±0.22 

15.1 

±0.21 

15.0 

±0.24 


Uncultivated ... 

14.3 

±0.27 

14.4 

±0.32 

14.3 

±0.32 

14.5 

±0.31 

1 

14.2 

±0.30 

1 

14.4 

±0.29 

14.5 

±0.31 

0-6 

Cultivated 

16.3 

±0.16 

15.6 

±0.15 

15.8 

±0.18 

15.9 

±0.17 

15.2 

±0.14 

15.7 

±0.15 

15.5 

±0.15 


Uncultivated. ... 

16.2 

±0.18 

15.8 1 
±0. 15 

15.4 
±0. 18 

15.5 

±0.17 

15.0 

±0.18 

15.4 

±0.17 

15.0 

±0.19 


That the losses of moisture by evaporation directly from the sur- 
face of the clay soil w^ere so small is surprising. It was thought that 
this soil would crack badly and thus the moisture content of the soil 
in the uncultivated plots would be lower than that in the cultivated 
plots. Apparently the uncultivated soil did not crack enough to 
influence the results. The amount of cracking in the uncultivated 
plots can be noted in figure 38. 

It is a surprising fact that in the field trials, as well as in the 
studies of evaporation from bare soils in tanks, the uncultivated soils 
did not crack to an appreciable extent. Ilow^ever, the Yolo clay, the 
Yolo clay loam, and the Yolo loam cracked badly when they were 
dried by the extraction of moisture by plants growing on them. The 
absence of cracking as well as the data reported in the tables indicate 
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that the loss of moisture from the bare soils was slight. However, in 
this connection, it must be remembered that soils of certain types of 
high colloidal content crack badly even though plants are not allowed 
to grow on them, and even though they do not dry out appreciably. 

Approximately two months after the water was applied samples 
were taken in all of the plots to determine the distribution of moisture 
in the upper layers of soil. The moisture contents of the soil in 
4-inch layers to a total depth of 20 inches were obtained from samples 
taken with a soil tube of large diameter (fig. 38), and the results are 
reported in table 43. 


TABLE 42 


Summary of the Soil-Moisture Contents in Three-Foot Depths in Acre 
Inches to the Acre in the Cultivated and Uncultivated Plots 
AT Whittier. Irrigated July 15, 1921 


Depth of 
soil 

sampled, 

feet 


July 21 

July 28 

Aug. 4 

Aug. 11 

Aug. 18 

Sept. 3 

Sept. 20 

0~3 

Cultivated 

9.59 

8.87 

8.98 

8.98 

8.55 


8.82 






±0.12 





Uncultivated... . 

9.98 

9.54 


9.15 

8.71 












3-6 

Cultivated 

8.49 

8.38 

8.54 

8.60 

8.21 

8.38 

8.32 






±0. 15 

±0.12 

±0.12 

±0.13 


Uncultivated 


7.99 

7.93 

8.05 

•7.88 

7.99 

8.05 






±0. 17 • 

±0. 17 

±0.16 

±0.17 

0*6 

Cultivated 

18.04 

17.25 

17.52 

17.58 

16.76 

17.47 

17.14 



d=0.18 

±0. 17 



±0.16 




Uncultivated... . 

17.91 

17.53 

17.12 

17.20 

16.59 


16.65 



±0.20 

±0.17 

±0.20 

±0.19 

±0.20 

±0.19 



These data show clearly that the losses of moisture by evaporation 
were confined largely to the upper 8 inches of soil, and that the 
greater portion of the loss from this depth of soil occurred in the 
first 4 inches. When the moisture contents given in table 43 are 
compared with those for the upper 3 feet of soil given in tables 33 
to 42, it seems that there were slight losses at least to a depth of 20 
inches. The results obtained in the study of the losses by evaporation 
from bare soils in tanks also show that water was lost throughout the 
entire depth of the soil (table 31). However, the loss below the sur- 
face layer was at an extremely slow rate and would be negligible in 
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amount for even longer periods than the usual ones between irriga- 
tions or between rains. It can not be assumed that those losses below 
the surface layers are due entirely either to upward movement of 
moisture by capillarity or to loss by water vapor movement. Amounts 
of water lost from the soil by water vapor are generally held to be 
very small, the work of Buckingham'^ and Bouyoucos^ frequently 
being cited to show that this is true. However Bouyoucos and Mc- 
CooP® have recently pointed out that considerable aeration of soils 
takes place because of atmospheric pressure changes, and the slight 
losses of moisture from the deeper layers of soils in the plots and in 
the tanks may have been due to movement of air and water vapor 
through them. Of course, the ease of air movement between the soil 
mass and the sides of the tanks was greater than that for movement 
through the soil in the field plots, and it should be expected that 
moisture would be lost throughout a greater depth of soil in the tanks. 


TABLE 43 

Summary of Moisture Contents in Four-Inch Depths of Soil in Percent- 
ages ON A Dry-Weight Basis in Cui.tivatfj) and Uncultivated 
Plots in 1921. Samples Taken Approximately 
Two Months after Iriugation 




Depths of soil samples in inches 

Location of plots 

Treatment 

0 to 4 

4 to 8 

8 to 12 

12 to 16 

16 to 20 


Cultivated . .. 

6.6 

15.7 

20.1 

19.1 

18.6 

Davis 


±0.37 

±0.51 

±0.47 

±0.28 

±0.23 


Uncultivated.. 

8.6 

15. 5 

19.0 

19.0 

19.4 



±0.39 

±0.23 

±0.41 

±0.21 

±0.21 


Cultivated 

4.0 

9.5 

10.2 

10.3 

10.7 

Mountain View 


±0.20 

±0.41 

±0.34 

±0.37 

±0.41 


Uncultivated... . 

3.9 

9.1 

10.4 

11.0 

10.9 



±0.15 

±0.28 

±0.36 

±0.67 

±0.79 


Cultivated 

1.3 

3.9 

4.1 

4.1 

4.2 

Delhi 


±0.06 

±0. 12 

±0.12 

±0.10 

±0. 15 


Uncultivated... . 

1.5 

3.1 

3.3 

3.7 

.4.1 



±0.05 

±0.06 

±0.06 

±0.09 

±0.25 


Cultivated 

4.1 

11.5 

15.1 

16.2 

15.9 

Whittier 


±0.22 

±0.33 

±0.54 

±0.31 

±0.23 


Uncultivated 

4.1 

11.0 

16.2 

17.3 

16.5 



±0.21 

±0.28 

±0.43 

±0.39 

±0.47 


266 


HQgardia 


[Vol. 2, No. 6 


It should be noted from the data in table 43 that the only 
significant differences in moisture content of the soil in 4-inch depths 
in the cultivated and uncultivated plots appears to be in the 4 to 8 
and 8 to 12 inch depths in the plots at Delhi. The difference in 
moisture content in favor of the cultivated plots is 0.8 ±: 0.13 per 
cent in each instance. This is equivalent in amount to a depth of 
water of only 0.09 inches in the 8 inches of this sandy soil. In every 
other case, the differences were insignificant, and it is apparent that 
thorough cultivation at weekly intervals for a period of approxi- 
mately two months failed to result in a saving of moisture or to 
influence its movement by capillarity. In fact, the results reported 
in tables 33 to 43, as well as those secured in the studies of the loss of 
moisture from bare soils in tanks indicate that the movement of water 
by capillarity from moist soils to drier soils is extremely slow and is 
effective only through very short distances. 

TABLE 44 

Summary of Soil-Moisture Contents in Threr-Foot Depths in Percentages 
ON A Dry-Weight Basis in Samples Takfjst from the Unwetted 
Areas Between and Around the Cultivated and Unculti- 
vated Plots at the Beginning and at the 
End op the Tests 


Location of plots 

Depth of 
soil samples 

Moisture content at 
beginning of tests 

Moisture content at 
end of tests 

Davis 

0-3 

14.6±0.55. 

14.9±0.40 

3-6 

17.2=b0.46 

17.3db0.29 

Mountain View 

0-3 

3-6 

6.7±0.23 

13.lit0.28 

6.0db0.22 

13.2=b0.27 

Delhi 

0-3 

1.7=h0.14 

1.3±0.09 

3-6 

6.0=b0.93 

6.2=t0.57 

Whittier 

0-3 

12.3=t0.25 

12.0±0.22 

3-6 

15.1±0.43 

14.6=t0.45 


This is further substantiated by the records of the moisture con- 
tents of the samples taken in the strips between the plots and those 
taken outside the wetted areas around the plots (see figure 36) which 
are reported in table 44. There are no signiflcant differences in the 
moisture contents of the samples taken at the beginning and of those 
taken at the end of the tests. Some of these samples were taken 5 feet 
from the wetted areas but the majority were taken only 2^4 feet 
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away. The latter samples, taken at frequent intervals, showed no 
increase in moisture content throughout the duration of the ex- 
periments. This indicates that there probably was no movement of 
moisture from one plot to another and also that there was little if any 
loss of moisture from the plots by lateral movement. Certainly the 
lateral movement to a distance of only 2^ feet was not enough to 
change the moisture content at this point. The results of further 
studies on the movement of moisture from moist soils to drier soils 
are given in the following pages. 


The Movement of Moisture prom Moist Soils to Drier Soils 

IN Columns 

Since the data from the studies of the losses of moisture from bare 
soils in tanks and in field plots indicate that the movement of moisture 
from moist soils to drier soils, when the source of wajter is not a free 
water surface, is slight in amount and extent, an effort was made to 
secure more direct evidence concerning such movement by studying 
the behavior of moisture in columns of soils. The columns used in 
this study are the same as those described by McLaughlin.^®* 

The columns were made of redwood planks 2 inches thick and 
8 inches wide, nailed together and lined with galvanized iron, and 
were therefore 6 inches by 6 inches inside and 6 feet long. 

All of the columns were packed with Yolo clay loam taken from 
the surface of the orchard at the Deciduous Fruit Station of the 
University of California at Mountain View. The gravel was screened 
and the soil was thoroughly mixed. Midway from end to end the 
columns were packed with air-dry soil, this being held in place by 
tight-fitting boards at both ends of the soil section. In filling this 
central section the soil was added in uneven thin layers, then com- 
packted evenly. The weight of water-free soil was known and the 
column was frequently weighed during the process of packing so that 
a definite volume weight of soil corresponding to that of the soil 
in place in the field was obtained. Weighed quantities of water were 
then added to raise the soil to its field capacity. The soil was then 
covered and allowed to stand for 48 hours, after which samples were 
taken and the moisture content determined. If the water seemed 
to be uniformly distributed throughout the soil mass, the holes made 
in sampling were refilled with soil properly moistened, and this soil 

* The writer is indebted to Mr. W. W. McLiaiighlin of the Division of Agri- 
cultural Engineering of the Bureau of Public Roads, United States Department 
of Agriculture, for the use of this equipment. 
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was tamped into place. The supports for the pieces of boards holding 
the central section of wetted soil in place were removed and the end 
sections packed with the drier soils. The packing was done in the 
same manner as that for the central section, and the same volume 
weight was obtained. The end boards which retained the central 
section now were removed and the spaces occupied by them were 
thoroughly packed with the drier soil. Strips of asphaltic roofing 
paper were laid along the edges of the planks and a plate glass cover 
was securely clamped into place and the columns placed upright. 

Since it was recognized there were mechanical difficulties in secur- 
ing good capillary contact of the moist with the drier soil, and since 
poor contact might inhibit movement from the moist to the drier soil, 
great care was taken to avoid, as much as possible, error due to this 
cause. At the termination of the period of observation with each 
column and after the final samples were taken, the column was cut 
lengthwise and the place where the moist and drier soils were 
originally joined was carefully noted. There was no evidence of 
discontinuity of the soil masses in any case and the original line of 
demarcation between moist and drier soil could not be detected. 

It was very difficult to raise the moisture content of the rather 
large quantities of drier soils required for the end sections to the 
percentages required. Although there were some departures from 
the moisture contents it was desired to bring about in the end sections 
of the columns a fairly satisfactory method was finally used. The 
dry soil was placed in a large metal can and water in sufficient 
quantity to raise it to the necessary percentage was added by spraying 
it on the soil in a fine mist, meanw^hile rotating the can so that the 
soil was constantly mixed. 

The amounts of water contained in the central and end sections 
of the columns at the beginning of the tests are not so accurately 
known as is the distribution of moisture at the end. Samples were 
taken from the ends and near the middle of each section before, the 
columns were placed upright but only a few samples could be;, taken 
at the beginning of the test without too much disturbance of the .soil. 
Variations of 0.7 per cent in the samples from the drier aoil were 
obtained, while the samples from the moist soil showed a variation 
of about 1 per cent. The moisture contents of the soil when packed 
are probably accurate to within 1 per cent. The moisture equivalents 
made on the samples taken from the packed columns varied from 
21 to 24 per cent and averaged about 22 per cent, an average which 
may be taken as being fairly close to the field capacity for this soil.' 
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Several types of small soil augers were tried in taking the samples 
both at the beginning and at the end of the tests, but a small soil 
tube seemed to give the best results; at least the moisture percentages 
obtained with, this device were higher than those with the augers, and 
the results secured seemed to be consistent. 

The moisture contents given in the following figures were obtained 
from the columns at the end of the tests. The columns were taken 
down and the glass plates removed. The samples were taken along 
the center line of the column but were staggered so that one sample 
would not interfere with another. In taking the sample, the soil tube 
was pushed the full depth of the column. The moisture contents 
retarded, then, are the average amounts of moisture contained in 
the depth of the column. No attempt was made to determine the 
dastribution of moisture in this depth. It should be noted that the 
movement of moisture in both an upward and downward direction 
djetermined by noting the change in color of the drier soil in every 
case was always less than the movement indicated by the results of 
sampling the soil. This might be accounted for if there were a greater 
movement of moisture down the back of the columns than down the 
front, which was covered with plate glass, and this may account for 
the discrepancy in the two methods of indicating the movement of 
moisture. 

In this connection it must be mentioned that the soil columns were 
subject to fluctuations in temperature. Temperature variations may 
have caused a greater movement in one portion of the soil mass 
than in another. Furthermore, condensation of moisture on the sides 
of the container due to temperature changes and subsequent down- 
ward movement of this condensed water may account for some of the 
downward movement in the wet section of the columns. 

The determination of the extent and rate of movement by noting 
the change in color of the drier soil, was extremely difficult and prac- 
tically impossible in the columns in which the end sections, w^ere 
packed with soils having the higher moisture contents. It is believed 
that. the . distribution ot moisture as indicated by sampling the soil 
is much more reliable and accurate measure of the extent of 
moisture movement than by noting , the change in color of the drier 
soil,, specially in the clay loam soils used in the present studies. 

- The columns selected, the data from which are presented here, are 
typical of all: of ^ the columns studied and represent the range in 
moisture contents, used. Figure ‘40 graphically illustrates the dis- 
teibijttiomof'ihoistiir^^in'one of the 6^foot columns, the central 2-foot 
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section of which was packed with a soil containing 22 per cent of 
moisture. The upper section was packed with a soil of 3 per cent 
moisture content, and the bottom section with soil containing 3.5 
per cent of moisture. This column was started on August 26, 1922, 
and the samples were taken on January 17, 1923. The results of 
the sampling indicate the extent and distribution of moisture after 
the soils had been in contact for 144 days. 
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Inches 

Fig. 40. The movement of moisture upward and downward (left and right in 
diagram) from soil mass initially containing 22 per cent of moisture to soil con- 
taining 3 per cent and 3.5 per cent of moisture. Column was started August 26, 
1922, and samples were taken January 17, 1923. The place of sampling in the 
column and the amount of moisture found are indicated by the circles. Depth 
is shown by numerals along the base of diagram. 

The upward movement of moisture from the moist into the dry 
soil in this column, as measured by the change in color of the dry 
soil, was 3.0 inches and the downward movement was 5.75 inches. 
It is evident that both of these distances are less than the movement 
indicated by the results of sampling, which also showed no- difference 
in extent of moisture movement upward and downward. The results 
obtained by sampling in all of the columns showed this to be the case 
in every instance. However, McLaughlin,^® using the same equip- 
ment, reports a greater downward movement in each of his tests. 
Attempts were made to determine the rate of movement of moisture 
from „tbe moist soil into the drier soil by noting the advance of the 
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moist layer. These were not entirely successful owing to inability 
to determine clearly the line of demarcation between moist and drier 
soil. However, it was clear that the greater portion of the movement 
took place within the first few days after the soils were placed in 
contact. McLaughlin*® concludes from his studies ‘‘that the greater 
part of capillary distribution of the water occurs while water is being 
applied and in the next two or three days thereafter. ^ ^ 



Fig. 41. The movement of moisture upward and downward (left and right 
in diagram) from soil mass initially containing 21 per cent of moisture to soils 
containing 6 per cent of moisture. Column was started August 29, 1922, and 
samples were taken January 17, 1923. The place of sampling in the column and 
the amount of moisture, found are indicated by the circles. Depth is shown by 
numerals along the base of diagram. 

The distribution of moisture and the extent of upward and down- 
ward movement from a soil with an initial moisture content of 21 
per cent, occupying the central section of one of the columns, into 
soils with an initial moisture content of 6 per cent, in the end sections 
are shown in figure 41. The test with this column w’as started on 
August 29, 1922, and the samples were taken on January 17, 1923, 
after a period of 141 days. The upward movement of moisture from 
the moist soil into the drier .soil was 5.4 inches, and the movement 
downward was 5.1 inches, as indicated by the change in color of the 
drier soil. 
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Figure 42 illustrates the distribution of moisture and the extent 
of movement in a column the central section of which was packed 
with soil which was wet to a water content of 23 per cent. The 
upper end section was packed with soil at 7.8 per cent and the lower 
end section with soil having an initial moisture content of 8 per cent. 
The test was continued for 141 days, from August 29, 1922, to 
January 17, 1923. The measurement of the line of demarcation 



’Fig. 42. The movement of moisture upward and downward (left and riglit 
in diagram) from soil mass initially containing 23 per cent of moisture to soils 
containing 7.8 and 8 per cent of moisture. The column was started August 29, 
1922, and samples were taken January 17, 1923. The place of sampling in the 
column and the amount of moisture found are indicated by circles. Depth is shown 
by numerals along the base of diagram. 

between moist and drier soil at the end of the test, made by noting 
the change of color, indicated that the upward movement was 3.25 
inches and the downward movement was 6.7 inches. The results 
presented in figure 42 indicate the distribution and extent of moisture 
movement from soil initially wet to about its field capacity into soil 
approximately at the hygroscopic coefficient. 

The results of sampling a column of soil the central sectiop of 
which was packed with soil and wetted so that the moisture content 
at the start was 21.5 per cent, and the end sections were packed with 
soil containing 12.5 per cent of moisture, are illustrated in figure 43. 
The soils were in contact for 140 days. Thus the end sections initially 
liad a moisture content approximately equal to the calculated wilting 
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coefiScient for this soil, and the movement of moisture indicated is 
from a soil at about the field capacity into one at the wilting coefficient. 
It was very difficult, because of the relatively high moisture content, 
to distinguish any change in the color of the drier soil used in this 
column as the moisture moved. The best estimate which could be 
made by this method was a movement upward of 3.25 inches and 
downward of 3.3 inches. 



Fig. 43. Movement of moisture upward and downward (left and right in 
diagram) from soil mass initially contJiining 21.5 per cent of moisture to soil 
containing 12.5 per cent of moisture. Column was started September 1, 1922, and 
samples were taken January 18, 1923. The place of sampling in the column and 
the amount of moisture found are indicated by the circles. Depth is shown 
by numerals along the base of diagram. 

The distribution and extent of moisture movement from a soil 
wetted to 22 per cent into soil with an initial moisture content of 
14.5 per cent is shown in figure 44. The initial moisture content of 
the soil in the end sections of this column was as high as could be 
used in these experiments and yet be materially less than the field 
capacity. It was necessary to stir the soil constantly while applying 
the water, in order to bring it to an intermediate moisture content. 
Puddling would occur in soils at moisture contents higher than 14.5 
per cent. These soils were in contact for 139 days — from September 
2, 1922, to January 18, 1923. The movement upward as indicated 
by the color change in the drier soil was 3.2 inches and the downward 
movement was 3.9 inches, but these measurements were very indefinite. 
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The data selected for presentation here were taken from columns 
covering a range of moisture contents in the drier soils from an air- 
dried condition to a moisture content above the wilting coeflScient, 
and they indicate the extent of moisture movement into these drier 
soils from a clay loam soil wet to its field capacity. 
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Fig. 44. Movement of moisture upward and downward (left to right in dia- 
gram) from soil mass initially containing 22 per cent of moisture to soil coutain- 
ing 14.5 per cent of moisture. Column started September 2, 1922, and samples 
taken January 18, 1923. The place of sampling in the column and the amount 
of moisture found are indicated by the circles. Depth is shown by numerals along 
the base of diagram. 

McLaughlin^® has Suggested that the rate and extent of movement 
of moisture varies with the initial percentage of moisture in the wet 
pack. Therefore, it is probable that the extent of moisture movement 
shown in these figures is greater than that under field conditions 
wherein the moisture content of the wet mass of soil is rapidly being 
depleted by plants growing on it. Apparently the moisture content 
of the drier soil had little effect upon the extent of movement of 
moisture from the moist to drier soil. 

It is evident that in the clay loam soil used in these columns the 
movement of moisture froip the moist to the drier soil in either 
direction, even during long periods of time, was limited. The results 
of these, as well as the other studies herein reported, indicate that 
the capillary movement of moisture from a moist soil to a drier soil, 
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when the soil is not in contact with a free water-surface, is too 
limited in extent and probably in rate to be effective for use by plants. 

In view of the data presented herein concerning the capillary 
movement of moisture, the prevalent belief as to the results of light 
and heavy irrigations is plainly incorrect. The belief that the moist- 
ure content of all of the soil occiipied by the roots of the trees will 
be raised to a certain percentage by the application of small amounts 
of water, because of the downward capillary movement of the water 
with a consequent equalization of the moisture content of all of the 
soil, is not in accord with results obtained in these experiments. A 
light irrigation, in fact, results in wetting the soil to a less depth 
than the application of a larger amount. 


Summary 

The records of moisture conditions in mature prune orchards in 
the Santa Clara Valley of California show that the soil-moisture 
supply is constantly changing during the growing season. The main- 
tenance of a uniform soil-moisture content, a condition often specified 
as essential for the best fruit production, probably is impossible. An 
approximation of a uniform soil-moisture content possibly might be 
brought about by very frequent applications of water. However, 
this practice would be objectionable not only for reasons of labor 
and expense involved and the interference with other orchard prac- 
tices, but also because of the probable injurious effects on the soil. 

The amount of water that may be stored in the soil at one applica- 
tion is limited. The records of soil-moisture conditions taken from 
the upper 6 feet of soil indicate that the moisture supply usually is 
exhausted within four or five weeks in a loam soil in a mature orchard 
during the growing season. 

Irrigation during the dormant season for the purpose of storing 
water for use by the trees during the growing season usually is 
ineffective in years of normal rainfall in such localities as the Santa 
Clara Valley. In a year of normal rainfall, the upper 6 feet of soil 
in the Santa Clara Valley are usually filled with water to the maxi- 
mum field or capillary capacity at the beginning of the growing 
season. 

While a considerable amount of water was taken by the roots 
of the trees from the soil below 6 feet, it was much less than that 
taken from the upper 6 feet of soil. Also, the rate of extraction of 
moisture was much lower from the lower depths of soil than from 
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the upper 6 feet. Wilting was always noted when the moisture con- 
tent of the upper 6 feet of soil had been reduced to the wilting 
coeflBcient. Therefore, the moisture content of the upper 6 feet of 
soil probably exerts a much greater influence on such trees than 
that of the soil below 6 feet. However, the moisture in these lower 
depths of soil probably does maintain trees during long periods after 
the moisture supply of the upper 6 feet has been exhausted. 

The parallelism of the graphs representing the rate of loss of 
moisture from the upper 3 feet of soil and that from the next lower 
3 feet of soil indicates that the roots of the prune trees, under the 
conditions of these observations, are uniformly distributed in the 
upper 6 feet of soil. The parallelism of these graphs also indicates 
that probably no movement of moisture takes place between the top 
3 feet and the next 3 feet of a soil during the growing season in the 
absence of free water. 

The moisture content of the upper 6 feet of soil in these prune 
orchards was reduced to, or below, the wilting coefficient toward the 
end of the growing season. This condition usually persisted for two 
or more months before the moisture supply was replenished. In 
every case the inability of the roots of the trees to obtain water from 
soil below 6 feet at a sufficiently rapid rate was evidenced by wilting 
and shedding of leaves. 

The soil-moisture records presented here indicate that the use of 
water by the mature prune trees does not seem to be influenced by 
the amount of water present in the soil, provided the soil-moisture 
content has not been reduced below the wilting coefficient. The slope 
of the graphs representing the moisture conditions apparently are 
substantially the same, whether the soil-moisture supply be high or 
low. The intensity of atmospheric evaporating power and leaf area 
seemed to determine the use of water by the trees; the amount of 
available water present in the soil, and the condition or state of 
growth of the trees, except in so far as this affected leaf area, seemed 
to be of secondary importance. 

The yields, drying ratios, size, and quality of prunes produced 
did not seem to be related to the frequency or amounts of water 
applied to the soil. The yields, drying ratios, size and quality of 
Muir peaches were not influenced by the amounts or times of irri- 
gation, except in years of unusually low rainfall or when the soil- 
moisture content had previously been reduced below the wilting 
coefficient. Mature prune and peach trees did not seem to be affected 
by changes in soil-moisture content unless the moisture content of the 
upper 6 feet of soil had been reduced to about the wilting coefficient. 



J an., 1927] Veihmeyer : Factors Affecting Irrigation of Deciduous Orchards 277 


The results obtained in the studies of the Muir peaches were in 
general the same as those obtained with the mature prune trees. It 
was possible to make more detailed measurements of the growth of 
the peach trees. These indicated that, with the exception of the 
season of 1920, during which the soil moisture in the unirrigated rows 
was depleted early in the season, there was no difference in growth 
made which could be related to differences in soil-moisture conditions 
in the different rows. 

Studies of young prune trees grown in tanks under controlled 
conditions indicate that the use of water by these young trees was 
not influenced by the amount of water in the soil above the wilting 
coefficient. Under comparable atmospheric conditions the rate of 
extraction of moisture by the roots of the trees was the same whether 
the moisture content of the soil above the wilting coefficient was high 
or low. Apparently the roots of these trees were able to obtain water 
as readily when the soil moisture content had been reduced almost to 
the wilting coefficient as when the soil was .filled with water to its 
maximum field capacity. 

Because of the comparatively slow capillary movement of moist- 
ure, serious objections may be raised to previous water relation 
studies wherein dependence has been placed upon capillary move- 
ment to cause a uniform distribution in the soil of water applied 
at any point. A predetermined soil-moisture content, less than the 
full field capacity, could not be brought about in the large masses 
of soils used in these experiments. It is also very probable from the 
results obtained that even if a relatively low moisture content could 
be established uniformly throughout the soil mass, a condition which 
probably is impossible of attainment, the moisture content would very 
quickly be reduced by the growing plant and the relatively low 
moisture content could not be maintained under natural field con- 
ditions or even in controlled experiments. 

The results obtained from the controlled studies made with prune 
trees in tanks indicate that not only the use of water but the trees 
themselves were not affected by variations in amounts of soil moisture 
above the wilting coefficient. While these results apply only to these 
young prune trees, it appears that many of the current views regard- 
ing soil-moisture relations of other plants may also be questioned. 

When the atmospheric evaporating power was judged, by means 
of the measurements and apparatus employed, to be the same in the 
spring as in the fall, the use of water to a unit of leaf area apparently 
was the same. This suggests that the use of wafer to a unit of leaf 
area by these young prune trees was not influenced by the state of 
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growth. Within the limits of weighings made in these experiments, 
it was not possible to detect differences in the use of water to a unit 
of leaf area during the fore part of the growing season, when the 
trees were making rapid length growth, and the use of water in the 
latter part of the season, when length growth had ceased and the 
leaves were more mature. The intensity of the atmospheric evaporat- 
ing power and leaf-area seemed to govern the use of water. 

When the moisture content of the loam soils on which these young 
prune trees were grown was reduced below a rather definite amount, 
the trees wilted and did not recover until water was added to the 
soil. The wilting coefficient, which was calculated from the moisture 
equivalent, was very close to the actual moisture content found in 
the soil at the beginning of permanent wilting. This agreement 
between the theoretical wilting coefficient and the residual moisture 
found in the soil at the time when the trees permanently wilted per- 
sisted throughout several seasons and at different times during each 
season the observations were made. This indicates that, within the 
range of conditions under which these experiments were made, atmos- 
pheric conditions had little influence upon the amount of residual 
moisture in the loam soils at the beginning of permanent wilting. 

While the wilting coefficient of the soils under observation in these 
experiments was a percentage of soil moisture at which the young 
trees grown in tanks, as well as the mature prune trees, began to 
wilt permanently, the soil moisture was reduced much below this 
percentage. However, the soil-moisture supply \ras reduced to the 
hy-groscopic coefficient in only a few cases and only by mature prune 
trees. Usually about one-half of the soil-moisture between the wilt- 
ing coefficient and the hygroscopic coefficient was taken by the trees. 
Vetch plants grown in tanks were able to reduce the moisture content 
of the soil only to a like amount. Although the wilting coefficient, 
which is a critical soil-moisture content, is not the lower limit of 
available moisture, it probably is a better basis for comparing moist- 
ure properties of soils than the hygroscopic coefficient. 

The time of fall coloration a;id abscission of leaves of the young 
prune trees grown in tanks was the same when the soil-moisture con- 
tent was high as when the soil-moisture content was low but not below 
the wilting coefficient. However, defoliation caused by wilting could 
be induced by withholding water until the soil-moisture content was 
reduced below the wilting coefficient. 

It is probable that the beginning of dormancy or of maturity of 
the plant tissues is not affected by variations of soil-moisture content 
jvithin a rather wide range. No injury from irrigation late in the 



J an,, 1927 ] V eihmeyer : Factors Affecting Irrigation of Deciduous Orchards 279 


season, shortly before the leaves dropped, could be detected in the 
Santa Clara Valley prune orchards or the Muir peach orchard at 
Davis. This suggests that the hardiness of the wood of these mature 
trees and probably of the young prune trees in containers had not 
been affected by a high soil-moisture content late in the season. 

Under conditions at Mountain View, in the Santa Clara Valley of 
California, where these observations were made, young prune trees 
grown in tanks lost a very slight amount of water by evaporation 
from the bare twigs and branches. The use of water by these young 
trees during the winter was so small that the need for the application 
of water to meet the current demands of the trees during this season 
is probably negligible, except in years of unusually light rainfall. 

The losses of moisture by direct evaporation from the surfaces of 
soils in containers were measured by repeated weighings. Losses of 
moisture by direct evaporation from the soil surfaces of field plots 
were measured by sampling the soil and ascertaining the soil-moisture 
contents. A rather wide range of soils and climatic conditions W’as 
obtained in the field trials. These losses were found to be relatively 
slight in amount. A comparison of the evaporation losses from the 
surfaces of bare soils with the amount of water taken from the soil 
by plants showed that evaporation losses were extremely small por- 
tions of the total amounts of water lost from the soil. 

The loss of moisture by direct evaporation from the soil was 
confined very largely to shallow depths of soil. Moisture below the 
upper eight inches of soil was lost at an extremely slow rate. The 
losses of moisture from the surfaces of soils exposed to evaporation 
for much longer periods of time than are usual between irrigations, 
were insufficient to prohibit the growth to maturity of barley and 
vetch plants. After. exposure to evaporation for the entire summer, 
there was sufficient moisture in the soil in tanks below the upper eight 
inches to grow vetch plants to maturity without applying additional 
water. 

Cultivation did not influence the losses of moisture by evaporation 
from the bare surfaces of the soils in the tanks and in the field 
plots under observation in these experiments. Cultivation did not 
materially influence the distribution of moisture in these soils. There 
were no signiflcant differences in the moisture contents in 4-inch 
depths in the cultivated and uncultivated soils with the exception 
of the 4 to 8 and 8 to 12-inch depths at Delhi. The differences in 
these depths of this sandy soil were very small but were probably 
signiflcant. 
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The loss of moisture by evaporation from the surfaces of soils 
immediately following the application of water were found to be a 
large portion of the total evaporation loss for a long period of time. 
About half of the loss in 80 days occurred in the first week after 
irrigation, and the greater amount of this was lost before the soil 
was in condition to be properly cultivated. 

After the water applied to the soil had become distributed, the 
movement of moisture by capillarity was found to be extremely slow. 
There was neither upward nor downward movement in the soil from 
the 3-foot depth to the 6-foot depth during the timfe the observations 
were made in these experiments. The movement of moisture laterally 
in 2^ months was not sufficient to affect the moisture content of the 
soil 2% feet from the wetted area. 

The movement of moisture from moist soils to dry soils packed in 
columns and remaining in contact with each other for "months 
was slight in amount and in extent in both an upward and downward 
direction. The results of these studies indicate that the capillary 
movement of moisture from moist soil to drier soil, when the soil 
is not in contact with a free water surface, is too limited in extent 
and probably in rate to be effective for the use by plants. 
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Fig. 1. The effect of differences in soil moisture on the condition 
trees. Pliotographed OctolxM* IS, 19l!*2. Tree 3 on the left, and tree 
right on soil heloAV the 'wilting coellicient. Tree 4 in the center on 
moisture content near the 'wilting coefficient. 

Fig. 12. The same trees shown in fig. 1, ten days later. 


of prune 
5 on the 
soil with 




PJ.ATE 2 

Fig. 1. Tlu* ofTect of soil inoisturo on tlio condition of pnino trees in the fall. 
Photographed October 7, Jl)22. Tree 15, on the h'ft, and tree 17, on the right, 
on soil with moisture conttmt below the ^^ilting coeflicient. Tree 1(5, in the center, 
on soil with inoistun* content near the wilting coefficient. 

Fig. 2. Tree 19, in the center, and tree 20, on the right, on soil kept con- 
tinuously above 16 per cent moisture content. Tree 18, on the left, on soil ke])t 
above 16 per cent moisture content until the last W(‘(‘k in August when it was 
allowed to wilt but was revived, and the soil-moisture content tlnu’eafter alloAved 
to fluctuate between the maximum field capacity and tlie wilting co(‘fficient. At 
the time this photograph was taken, October 18, 1922, tree 18 was on soil 
near the wilting coefficient. 
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Fig. 1. Fall I'oiiditioii of prune trees on ^Ya ter- logged soil, compared to that 
of a tree on soil near the Avilting coefficient. The soil on which tree 1 €, on the 
left, and tree 14, on the right, were growing was wat(‘r-logg('d throughout the 
groAving season. Tree 13, in the center, Avas irrigated only Avhen the soil- 
moisture content Avas reduced nearly to the AA'ilting coefficient. At the time this 
photograph Avas tjiken, October 18, 1922, the moisture content of the soil on which 
tree 13 Avas growing was near the wilting coefficient. 

Fig. 2. Prune trees in tanks used to determine the loss of moisture by evapo- 
ration from bare tAvigs and l)ranches during the dormant season. Tree 1 is on the 
right, tree 3 is in the center, and tree 6 is on the left. 
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FIGS, CAPRIFIGS, AND CAPKIFICATION 

A comprehensive discussion of the diseases of the fruit of the fig 
should take into consideration its structural peculiarities. Eisen(]U), 
(11) discusses exhaustively the morphology and structure of this 
fruit. (^ndit(5) gives a brief discussion of the fig fruit and its 
structure. 

The fig is a nearly closed, more or less hollow receptacle, the inner 
walls of which are lined by the flowers when immature and by the 
fruit when ripe. It is not, therefore, a fruit in the strict botanical 
sense of the word but an aggregation of fruits lining the cavity of a 
hollow receptacle, technically a synconium, with an opening at the 
center of the flattened, distal end, which is closed during the early 
stages by a system of overlapping bracts. As the fig begins to ripen 
and soften these bracts or scales loosen and an opening is formed, the 
diameter of which varies from 2 to 10 mm., according to the variety 
of fig. This opening is usually referred to as the “eye’' of the fig. 
In the ripe fig the wall of the receptacle to which the flowers are 
attached is called “the meat,” and the aggregation of mature florets 
' ' the pulp. ’ ’ Figure 1 shows the internal appearance of the receptacle 
when split longitudinally. . The flowers of the fig vary with the variety, 
the sex, and the crop. 

I A thesis submitted in partial fulfillment of requirements for the degree of 
Doctor of Philosophy, University of California, 1926. 

2. Junior Plant Pathologist. Resigned June 30, 1926. 
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The fig is a dioecious, insect-pollinated plant, the staminate and 
pistillate flowers being borne on different trees. The male tree is 
known as the caprifig and in its receptacles we find chiefly two types 
of flowers. The staminate flowers are arranged, in most varieties, 
around the eye and the gall flowers (modified female flowers) occupy 
the rest of the cavity. The gall flowers have a very short style, par- 
ticularly suited to the needs of the pollinating insect as will be ex- 
plained later. The caprifig bears a succession of fruit known as the 
“mamme” or overwintering crop, the “profichi^’ or spring crop, 
which is the important one in relation to the edible figs, and the 
“mammoni” or fall crop. This succession of crops provides the 
proper habitat for the insects throughout the year. The caprifigs 
are not edible. They are usually rather small and non-succulent, the 
size varying with the variety. The names of the varieties of caprifigs 
most commonly grown in California and which were used in the 
experiments to be outlined later are: Roeding No. 1, Roeding No. 2, 
Roeding No. 3, Roeding No. 4, Markarian No. 1, Markarian No. 2, 
the Stanford, the Milco, and a number of seedling male trees. 

The female tree bears also a succession of crops, one on the wood 
of last yearns growth and a second on the new Avood. These are the 
edible figs. In most cases the second crop only is of commercial im- 
portance. The receptacle of the edible fig is lined by a single kind of 
flowers, the pistillate, which resemble the gall flowers of the caprifig 
except that the style is much longer. The edible fig varieties are 
of two types, the parthenocarpic, or varieties which develop fruit 
without pollination, and the varieties that require pollination (capri- 
fication). The important varieties of the first category, grown in 
California, are the White Adriatic, the Black Mission, and the Kadota 
(Dottato), while the varieties which require pollination are chiefly 
those called Calimyrna, Stanford, and San Pedro. The first two 
were introduced into California from Asia Minor, the first being the 
commercially famous ‘‘Lob Injir^’ of Smyrna. 

The process of pollinating the pistillate flowers of the fig is known 
as caprification. It is effected through the agency of a small 
hymenopterous insect, Blastophaga psenes L. {B. grossorum Grav.), 
which according to Cotte and Reynier(8) parasitizes the gall flowers 
of the male or caprifig. Eisen(ll), Vallese(43), Rixford(31), Con- 
dit(5), and most recently Grandi(15), (16), have given extensive 
accounts of caprification and its agent. A brief account of the process 
is given here. It consists in suspending caprifigs on the branches 
of the female tree at the time of the issuing of the insects. The female 
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blastophaga enters the female fig receptacle for the purpose of ovi- 
position and in so doing carries pollen from the caprifig into the edible 
fig. Oviposition, however, is not effected, because, as has been already 
mentioned, the styles of the female flowers are much longer than the 
styles of the gall flowers where the blastophaga oviposits. The insect 



Fig. 1. Parts of tlie fig. (1) Longitudinal section of a Caliinvrna fig. a, 
Osteolum or eye; b, pulp; c, meat. (2) Enlarged gall flower of caprifig. a, 
Stigma; &, style; c, gall; d, stalk. (3) Enlarged female flower of edible fig. 
o, Stigma; h, style; c, seed; d, stalk. 

usually perishes in this vain attempt, but not without an effect, as the 
introduction of the pollen fertilizes the flowers of the varieties 
requiring such stimulation and causes the fruit to set and mature 
and form fertile seed. Without such a stimulation the fruit of the 
Calimyrna, San Pedro, and Stanford varieties drop when about one- 
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fourth grown, while those of the parthenocarpic varieties continue 
growth to maturity, but the seeds which they contain are not fertile 
(phenospermic). 

In the gall flowers of the eaprifig, the blastophaga inserts its 
ovipositor through the style and deposits a stalked egg in the ovule. 
The egg hatches and the larva lives inside the gall where it also 
pupates. The adult males issue first from their galls, fertilize the 
adult females while the latter are still in their galls and thus open 
the way for them to emerge later. The males, as a rule, never leave 
the figs. The females come out through the eye of the fig and while 
doing so rub against the staminate flowers which surround the orifice 
and shed their pollen at that time. The female insect may then carry 
the pollen into a fig of an edible variety or she may enter another 
eaprifig, perhaps on the tree bearing the one from which she just 
emerged. In the latter case the pollen does not generally function 
as there are usually no receptive female flowers in the caprifigs. The 
term ‘‘caprification^’ is also applied to the setting of the male figs 
which results from the visit of the blastophaga. 


DISEASES OP PIGS 

It is only quite recently that the diseases of the fig have attracted 
the attention of investigators in California. The fig has been reputed 
to be particular!}’' free from disease in most of the treatises on this 
fruit (Eisen[ll], Iioeding[32J ). Poliage, twig, trunk, and root 
diseases have been rei)orted from other states and from Europe, but, 
except a die-back of the twigs reported by Condit and Stevens (6) and 
Phillips (23), no disease of the tree has been known in California. 
Decline of the tree due to neglect, soil conditions, and nematodes has 
been discussed by Condit (4). Of the diseases of the fruit, a number 
occur in the South Atlantic and Gulf States and cause considerable 
damage. Edgerton(9) from Louisiana, Matz(21) from Plorida, 
Stevens and Hall (41) from South Carolina, Potts (28) from Texas, 
and Gould (14) report a number of diseases of the fruit, the most 
important of which are an anthracnose caused by Glomerella cingulata 
(Stonem.) S. -and v. S. {Colletotrichum carica Stev. and Hall) and 
a soft rot caused by Rhizopus nigricans Ehr. The first of these 
troubles has never been reported from California. Rhizopus has 
several times been isolated from rotted figs in the San Joaquin Valley. 

Souring was the first disease of importance reported from Cali- 
fornia. It was attributed by Pierce (25) to an unidentified yeast but 
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no further work was done. Considerable time has been devoted to the 
study of this disease in connection with the present work ; these find- 
ings will form the subject of another paper. A black smut due to 
Sterigmatocystis was reported by Hodgson (19) in 1918. An investi- 
gation of this disease was undertaken by Smith and Phillips (40) and 
a preliminary report was published in 1922. A more detailed account 
of this investigation was published by Phillips, Smith, and Smith (24) 
in 1925. 


ENDOSEPSIS (INTERNAL ROT) OP THE FIG 
Synonymy 

The term ‘souring’ has been used indiscriminately in the past 
for almost every deterioration of the fruit of the fig. In careful 
observations, however, it is quite easily seen that symptoms vary 
considerably, and that there must be a number of agencies responsible 
for the large percentage of culls detracting from the profit of fig 
growing. The subject of this paper is a specific fruit-spoilage disease 
of the fig which has hitherto, except for a short note by the writer (2), 
remained undescribed and undifferentiated. At times a numl er of 
names have been used vaguely by growers to distinguish this trouble 
from what they consider typical souring, and the names ‘pink rot,’ 
‘brown rot,’ ‘soft rot,’ ‘stem-end’ or ‘eye-end rot’ are frequently 
heard as referring to symptoms of disease observed in spoiled Cali- 
myrna figs. All these names, although suggestive, seem either to be 
confusing or to apply only to certain phases of the disease. The 
names ‘brown rot’ and ‘soft rot’ are confusing because the first is 
applied to the well known disease of the stone fruits which does not 
affect the fig, and the second is applied to a rot of the fig in the Gulf 
States caused by Rhizopus nigricans Ehr. The names ‘pink rot,’ 
‘stem-end rot’ and ‘eye-end rot’ refer to spots occasionally seen on 
the fruit, but as, in many cases, these spots are nothing but the 
external symptoms of a generalized disintegration of the meat and 
pulp of the fruit, they are not very descriptive. The name ‘endo- 
sepsis (internal rot) is proposed here as more appropriate and less 
confusing. 

Symptoms 

The disease manifests itself internally as soon as the figs begin 
to ripen. In severe cases, even before the pulp sweetens and just 
as soon as the stalks and the sepals of the individual florets swell 
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and begin to color, brown streaks may be seen running down the 
flower stalks almost to the meat. As the fig ripens such streaks 
develop into spots, yellow-brown in color, and may involve a number 
of flowers. In most cases these colored spots are first found in the 
pulp near the eye of the fig, but any other part or parts of the pulp 
may develop this symptom according to the locus of infection. In 
very early stages, just as the fig begins to sweeten, these spots stand 
out very clearly against the bright-colored healthy pulp. Plate 1 
shows six figs, five of which are at the same stage of maturity and 
alike in external appearance, firm, and bright green, just at the stage 
when figs are picked for canning or for fresh shipment. From their 
external appearance all five could be taken for sound ripe figs. Fruit 
a represents a healthy fig at this stage of maturity. The pulp should 
be bright amber to pink, with a small amount of sweet juice in the 
cavity. Fruits h, c, d, and e show the endosepsis symptoms at different 
stages of development. In fruit h the brown includes almost the 
entire mass of flowers in the vicinity of the eye, in the third fruit 
the browning includes three-quarters of the pulp, in the fourth all 
but a few flowers at the stem end are involved, and in the fifth the 
entire pulp is disintegrated. Such pulp is slightly watery and is 
easily pulled away from the meat. Until this last stage is reached, 
and even later, there is almost no external sign of this diseased con- 
dition of the pulp. 

When the fig softens and begins to dry, a water-soaking of the 
skin appears in indefinite areas, mostly around the eye in a circular 
spot, or extending down the sides to the neck of the fig. This water- 
soaking gradually assumes a bright pink or purple color and the 
epidermis of the fig may easily be rubbed off on such water-soaked 
spots (pi. 2). The fig may dry in this condition and fruit / in plate 
1 and the fruits in plate 3 represent such dried figs. These pink spots 
should not be confused with the pink spots produced by Aspergillus 
niger van Tiegh., the black-smut organism of the fig, as described by 
Phillips, Smith, and Smith(24). In the case of the internal rot the 
spots are not very wet and the margins are not shrunk and have not 
the tendency to be easily detached from the rest of the skin as in the 
black-smut spots. In the internal rot they appear as normal skin 
except in color. It is not always, however, that such colored spots 
appear on the decaying figs. Under favorable weather conditions the 
figs dry before they reach the stage of external symptoms, and 
undoubtedly even before the entire pulp is decayed. In many cases 
only a small water-soaked ring appears around the eye and a drop 
of liquid is exuded, varying in color from clear to caramel. This 
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exudate is never in sufficiently large quantities to drip and soil the 
foliage or solidify in long hanging drops, as is the case in souring. 
Many figs dry and pass for good fruit when the pulp is in reality 
full of the rot fungus. The interior is destroyed only in part and the 
flavor is not greatly affected. Such figs appear practically normal 
on the outside, although the inside is a little dry and ‘ ‘ seedy (see 
pis. 4 and 5) and the flavor slightly peculiar. 

Finally, in certain orchards where the rate of drying has been 
slow on account of close planting, late irrigation, or climatic con- 
ditions, the disease becomes generalized in the fruit and the rotting 
of the pulp is so rapid as to separate the latter from the meat. The 
pulp slips easily from the meat and the fig appears sagging, -wet, 
dripping, extremely soft and deformed. The pink spots may or may 
not develop on the sides, or end, depending on whether or not the 
parasite has actually invaded the meat. 

The effects on th(^ eating qualities of the fig produced by the 
disease vary consi(l(U‘ably, depending largely on the bacterial flora 
present. Ordinarily, figs affected with endosepsis are lacking in 
odor and flavor rather than possessing disagreeable ones. The taste 
is rather flat, watery, lacking the proper sweetness and the character- 
istic fig flavor, with the seeds very i^rominent. There is no odor. In 
some cases, however, there is a very disgusting, putrid, somewhat 
bitter taste, very characteristic but impossible of description, and an 
odor which suggests that of spoiled tomatoes. There seem to be 
no ill effects from the eating of diseased figs. 


Distribution and Economic Importani’E 

Internal rot is distributed throughout the fig belt of California 
and wherever the C^alimyrna is grown. No district seems to be 
entirely free from the disease and although it is confused with souring 
and the estimates of injury may be somewhat high, it is the opinion 
of the writer that this disease is very largely responsible for the size 
of the cull pile. Its severity depends largely on the climatic con- 
ditions, and the relation between these conditions and the disease 
will be discussed later on. However, it is due to this disease that 
successful growing of Calimyrna figs for the dry-fig market in certain 
regions and in certain years has become problematic. A large per- 
centage of the dry product is either entirely unmarketable on account 
of the external pink discoloration, or the quality is lowered because 
of the internal deterioration of the pulp. 
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The loss given by the growers at different meetings in 1924 and 
1925, and often probably greatly underestimated, varied from 20 
per cent to 90 per cent of the dry crop. Specifically, the growers in 
one county in 1925 suffered from 20 to 50 per cent deductions for 
culls at a cannery on account of the internal rot. These shipments 
were made up of carefully selected fresh figs. An estimate of the 
percentage of dry figs showing external symptoms of the rot, as they 
were drying in the yard of one orchard, yielded a conservative figure 
of 70 per cent. The number of figs that had dropped to the ground 
from the several trees of another orchard was counted and the per- 
centage of the figs showing external symptoms was found to average 
30 per cent. At a meeting of fig growers held in 1924, the estimated 
percentage of loss from internal rot ranged from 33 to 71 per cent. 
If it is taken into consideration that the rot does not show actively 
until the fig has passed the canning stage, at which it must be firm, 
and that growers pick for canning only the best figs in the orchard, 
this percentage is alarmingly high. Many other counts and estimates 
were made at different times and the percentage of injury from this 
disease was always high. 


Influence op Environment 

It has previously been mentioned that climatic factors determine 
the severity of the disease. Such factors exercise no influence other 
than ^ietermining the rate of ripening and drying, of the fig. This, 
in turn, determines whether the internal rot will become generalized 
in the pulp and also affects the appearance of external symptoms. 
Since, as will be shown later, infection takes place at a very early 
stage and the active fungous growths do not begin until the fig com- 
mences to ripen, the rate of ripening will determine the extent of 
damage to the fruit. That this is actually the case is shown by the 
percentages of disease observed in different localities and in different 
years. Sections with later and cooler seasons show always a larger 
percentage of damage than those which are warmer and dryer in 
late summer. This^ was especially well marked in 1925. 

The amount of winter rainfall does not seem to be a factor, as in 
1924 there was an alarming percentage of disease in all the sections, 
although the winter of this year was one of the dryest ever known in 
California. On the other hand, 1925 was a year of normal rainfall, 
but some sections showed a very small percentage of external 
symptoms of fig rot. The determining climatic influences are there- 
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fore the ones prevailing during July, August, and September. Quick 
ripening, rise in sugar content and concentration stops the growth of 
the fungus in the pulp and the fig dries without much loss in quality. 



Fig. 2. Camera lucida drawing from stained preparations showing the pene- 
tration of the cells of the fig by the hyphae of Fusarinm moniUforme Sheld. var. 
fid n. var. (X 1000.) 


Etiology 

Isolations , — The disease is caused by the fungus Fttsarium monUi- 
forme Sheld. var. fici n. var. 

In a preliminary report (2) on this disease in the Calimyrna fig 
it has been stated that the diseased tissue is found permeated by a 
hyaline, septate mycelium of a fungus which can be very easily 
isolated and which grows luxuriantly on a variety of culture media. 
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The fungus does not usually produce aerial mycelium, either on the 
surface or in the cavity of the fig, but if a small portion of the rotting 
pulp is crushed under a cover glass and examined with the microscope 
it will be found permeated by a network of hyphae. The hyphae arc 
more easily demonstrated by removing a small portion of water- 
soaked skin, dehydrating quickly in 85 per cent alcohol, staining in 
2 per cent solution of Magdala red in 85 pc^r cent alcohol, washing 
with absolute alcohol, clearing in xylol and examining under the low 
power of the microscope. The hyphae are colored red, while the host 
tissue is colorless or slightly pink (fig. 2). 

If diseased figs are placed in a moist chamber they are soon 
covered by a woolly-white or pinkish, aerial growth. Figs, however, 
especially when ripe, form an ideal substratum for almost any sapro- 
phytic fungus; moist chamber studies, therefore, should not be relied 
upon for isolating the pathogen. Plate cultures from the pulp of a 
diseased fig which has not been exposed to the atmosphere always 
yield a typical growth or rather a group growth, which consists almost 
exclusively of the fungus mentioned and of a cream-colored and a 
bright red bacterium (pi. (5). This association has been found to be 
remarkably constant. It may be said also that both bacteria have 
been obtained from figs irrespective of disease syinj)toms, and in all 
stages of maturity, but not previous to caprification. These facts 
indicated a flora in the receptacle of the fig and an investigation was 
started to determine the flora of th(‘ edible fig in all the stages of 
development. 

Phillips, Smith, and Smith (24) in 1925, in a study of fig smut, 
report that the pulp of Adriatic figs in early stages of maturity 
(stages 1, 2, and 3) before the fruit has been entered by insects, is 
entirely sterile. The classification of stages of maturity established 
as a basis for reference by Smith and Phillips in 1922(40) has ’been 
used in this work. Descriptions of the ditfercnt types follow. For 
pictures of the different stages the reader is referred to Phillips, 
Smith, and Smith (24). 

1. Fruit not quite full grown; still green and hard. 

2. Full grown, eye scales beginning to loosen. 

3. Eye fairly well opened, fruit still green and firm. 

4. Slightly yielding to pressure^ pulp succulent but still firm. 

5. Pig ripe as for picking for fresh shipment. No shriveling, pulp 

opaque. 

16. Skin slightly shriveled, pulp somewhat translucent. 
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7. Distinct shriveling, contents still red, not sticky. 

8. Much shriveled and skin beginning to discolor; pulp mahogany 

(^olor, slightly sticky. 

9. Skin brown but flexible, pulp brown, translucent, sticky ; stage 

of completed normal drying. 

A repetition of the work of Smith and Phillips (40) regarding the 
flora of the Adriatic in stages 1 to 8 yielded identical results. The 
study was extended to figs of other varieties and the results indicated 
clearly that all parthenoearpic varieties, up to the time that they 
reach full growth and begin ripening as indicated by the loosening 
of the scales, coloring of the pulp and softening of the skin and pulp, 
are sterile. Varieties studied other than the Adriatic were the Black 
Mission (California Black), Brown Turkey, White Ischia, Kadota 
(Dottato), San Pedro White (first croj) only), Cordelia, and miscel- 
laneous other figs of unknown varieties. Both the first and the 
second crops were examined. 

The method used was the standard poured-plate method with 
nutrient-dextrose agar, fig-infusion agar, or Czapek-dextrose-synthetic 
agar. The fig was washed with alcoholic IlgClo 1:1000, then split 
open with a sterile knife without touching the pulp, and a portion 
of the latter was scooped out and placed on the plate. A control 
plate was poured after every twenty-five inoculated plates. The Petri 
dishes were stacki'd and placed on a small platform in the center of 
a panful of water. A bell jar was then put over the stack of dishes 
with the mouth of the bell jar immersed in the pan of water. A 
U-tube was slipped under the wall of the bell jar so that one arm 
opened into the chamber and the other communicated with the outside, 
thus equalizing the air pressure. These precautions were taken to 
guard against excessive drying of the agar during the summer months 
in the interior valleys of California and to guard also against insects 
crawling in and contaminating the plates. The plates were thus kept 
reasonably free from contamination for a long time as indicated by 
the control plates remaining sterile. The i)lates were examined 
macroscopically ten days after pouring, and microscopically after 
another ten days. Figs were collected from different localities in the 
San Joaquin and Sacramento Valleys and the results of these investi- 
gations from 274 figs of different varieties are summarized in table 1. 

Fifty-six Calimyrna first-crop figs not caprified were also found 
sterile. The second crop of the C^alimyrna variety when not caprified 
was also sterile as shown by pouring plates both from figs that 
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dropped because of lack of caprification and also from figs in which 
caprification was prevented by bagging the twigs with manila paper 
hat bags a week before the blastophaga began issuing. Fifty-four figs 
were thus examined and were found to be sterile. When, however, 
the figs of any of the above mentioned varieties were caprified it was 
found that immediately after caprification their flora consisted of 
one or more of the three organisms mentioned in connection with 
isolations from diseased Calimyrnas. 


TABLE 1 

Varieties, Localities, and Numbers of Parthenocarpic Figs Examined in 
Determining the Flora op the Fig Receptacle 



Crop 

Sacramento 

Modesto 

Fresno 

Condition 

Adriatic 

First 

4 

10 

53 

All sterile 

Second 

4 

15 

68 

All sterile 

Mission 

First 

3 


16 

All sterile 


Second. ... 



18 

All sterile 

Kadota 

First 



20 

All sterile 


Second 



18 

All sterile 

San Pedro 

First 



18 

All sterile 

White Ishia 

First 



4 

All sterile 

Brown Turkey 

First 



4 

All sterile 

Cordelia 

10 


4 

All sterile 

Miscellaneous 


5 



All sterile 







Plate 7 shows the flora typically obtained from parthenocarpic 
varieties and from Calimyrna figs. The plates of the right hand 
series were poured from unripe, half-grown, fruits of Adriatic, 
Mission, and Kadota figs, respectively. The plates of the left hand 
series were poured from caprified Calimyrnas of the same stage of 
ripeness as that of the parthenocarpic figs used in the first series. 
It may be seen that there was no growth at all on the first series, 
while the fungus and the two bacterial organisms grew on the plates 
of the second series. Those discussed are typical of the many hun- 
dreds of plates poured during the course of this work. Plate 8 shows 
two Petri dishes, the upper poured with material from a caprified 
Adriatic fig, the lower with material from a non-caprified Adriatic. 
An abundance of growth is seen on the first plate, while the second 
one is sterile. 
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A great number of strains of the pathogen were isolated from 
diseased Calimyrna figs from several localities. The collection now 
includes over 250 strains which show more or less similar cultural 
characteristics. The majority of these strains arc identical, the only 
ditference being the origin or place of isolation. A great many of them 
exhibit variations of major or minor importance. The variations con- 
cern the habit of growth, size of spores, type of spores produced, color 
of mycelium, color of substratum, type of growth on different media, 
and lack of one or more of the following structures: Sporodochia, 
sclerotia, pionnotes, and catenulation of spores. Most of them, how- 
ever, agree in a general way and evidently belong to the same group 
species, while three of them are quite different. 

Eleven of the strains exhibiting the greatest differences were 
selected and studied intensively for over two years on a great number 
of media, including the ones recommended by Sherbakoff(36), the 
Pusarium Conference (47), Morris and Nutting (22), and others used 
for the first time in this study. Most of the differences were found 
constant. Certain strains, however, developed characteristic structures 
which were helpful in identification. The chief difficulty encountered 
in these studies was the stubbornly persistent failure of certain strains 
to produce the macroconidial type of spore characteristic of the genus 
Pusarium while their other characteristics clearly indicated such a 
relationship. 

Morphology , — Strain 93 is considered as the type form of the new variety 
and has the following morphological characters. Microconidia in false heads 
or in chains formed on white to dark maroon purple^ colored, aerial mycelium; 
ovoid-fusoid, 4.7-10.6 X 2Afi, 

Macroconidia delicate, slender, sickle-shaped, attenuate, subpedicellate, occur 
only in sporodochia on steamed corn meal and on woody stems, salmon-buff 
becoming wood brown with age. Sporodochia effuse, in columns, or in threads 
.5 to 1 mm. thick, twisting in loops or spirals 4 to 5 mm. long. Macroconidia 
mostly 3-8eptate (74 per cent) 19.9-49.4 X 2.3-7. 4 /li, 4-septate 39.9-49.3 X 3.52 
to 4.1/1, S-septate (rare) 43.5-51.7 X 3.5-4.7/4. Aerial mycelium dense fine or 
loose woolly, color varying from white to dark maroon purple, occasionally white 
with Payne 's-grey-colored spots. Substratum light ochraceous buff becoming Van- 
dyke red, Hessian brown or Perilla purple. Conidiophores simple on the sides 
of hyphae or di- and trichotomously branched to dendroid, alternately or oppositely 
arranged. Swollen cells (pseudochlamydospores) arranged in chains or singly 
are frequently found. 


8 The colors are after Bobert Bidgway ’s color standards and nomenclature. 




Fig. 3. Fusarium mon Hi forme var. fid a. var. a, Maeroconidia from sporo* 
dochium on autoclaved cornmeal (X 782). ft, Maeroconidia from sporodochium 
on blackberry stem (X 782). c, Conidiophores and microconidia. d, Micro- 
conidia. e, Microconidia in chains and loose heads. /, Pseudochlamydospores 
(X 782). g, Sporodochia on autoclaved cornmeal. 
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Sclerotia are rarely produced on steamed rice and on hard oat 
agar. This characteristic is more pronounced in some of the strains, 
while in others it is entirely absent. The sclerotia are very small 
(1 mm. in diameter) and greenish black in color on rice, but larger 
and lighter in color on oat meal. 

What is apparently the perfect stage of the fungus has been 
observed only once, on a plate from a Milco variety mamme (capri) 
fig collected from a tree at Ripon, California. Nothing unusual was 
noticed at the first observation of the plate, ten days after pouring. 
The flora on the plate was typical of hundreds of plates. But on a 
reexamination of the plate sixty days after pouring, it was found 
that a semicircular row of black bodies had formed at the point of 
contact between two colonies of F. moniliforme fid originating from 
fragments of gall flowers. On a preliminary examination of this 
plate the following observation was recorded: White fungus at a 
corner from flowers, the rest sterile.^* This refers to colony b (plate 
9), which started from small fig fragments. Colony a is either a 
contamination or a later development from the large fig fragments 
in the plate. The black bodies referred to above proved to be peri- 
thecia. Scattered perithecia were found on the intermixed hyphae. 
The perithecia are black, osteolate. gregareous or solitary, containing 
ascospores which are greenish, thick-walled, usually 1-septate, measur- 
ing 10.15 X 5-1/a (12,3-8.2/a). Germination of the ascospores is rather 
low. Isolation of the two parent colonies was made but repeated 
attempts on different media to induce the production of perithecia 
failed. 

Nomenclature. — In a preliminary report (2) on this disease in the 
Calimyrna fig the organism constantly isolated from diseased figs was 
tentatively identified as Oospora verticUlioides Sacc. and described 
as ^‘having a hyaline, frequently branching septate mycelium . . . 
fruiting abundantly, producing catenulate, short or long, tapering or 
slightly curved, unicellular conidia on single or branched eonidio- 
phores borne on the sides of the hyphae.’^ In a recent paper by 
Wineland(45) an ascigerous stage was ascribed to F. monilifarme 
Sheldon and its synonymy critically analyzed. There is considerable 
evidence given to indicate that Oospora verticUl hides Sacc» is a 
synonym of F. moniliforme Sheldon, although there is no direct proof 
of such a relation. 

Chen (3), in studying the internal fungous parasites of agricultural 
seeds, has isolated from seed corn a fungus which according to his 
description closely resembles the fungus isolated from figs. Chen 
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did not find macroconidia of Fusarium in his cultures, therefore the 
fungus was identified by him as Oospora verticillioides. He states 
that “should Fusarium spores develop, the parasite would have to 
be referred to Fusarium monUiforme Sheldon.'^ Fusarium spores 
were found in these cultures later by Wineland(45). Both Oospora 
verticillioides and Fusarium monUiforme have repeatedly been re- 
ported as parasites or saprophytes on corn, the first from Europe by 
Deckenbach in Bessarabia and by Cuboni, Tiraboschi, and others in 
Italy; and the second in America by Sheldon, Valleau, and many 
others. The relation of these fungi and references to the literature 
were recently given in detail by Wineland(45). The experience of 
investigators working with Fusarium monUiforme tends to show that 
macroconidia are not always produced, and this has been my exi)eri- 
ence. In the studies on the distribution of the fig disease throughout 
California, I poured more than four thousand plates from caprifigs 
and parthenocarpic and caprified figs, and had occasion to study 
several thousands of colonies of the fungus causing the rot. Macro- 
conidia were never seen in any significant number in aerial mycelium, 
nor were sporodochia, pionnotes, or related structures ever observed 
on these plates. The media used in this study were mostly nutrient- 
dextrose agar, Czapek-dextrose-synthetic agar, fig-infusion agar, and 
potato-decoction agar. Macroconidia were, however, obtained in a 
special study and only from certain of the strains of the fungus. 
Macroconidia were also observed on the surface of (^^zapek-dextrose- 
agar and fig-infusion-agar dilution plates soon after the germination of 
the microconidium. These macroconidia, however, were soon overrun 
by aerial mycelium and after this only microconidia were produced 
on these media. Strains producing no macroconidia would have to 
be referred to Oospora verticillioides, at least tentatively, until macro- 
conidia are obtained. The production of macroconidia in culture 
would place such fungi in the genus Fusarium, 

In order to be sure that no mistakes were made in the identification 
of the fungus, a strain of Fusarium monUiforme Sheldon was re- 
quested from Miss G. 0. Wineland of the U. S. Department of Agri- 
culture, who has recently studied (45) the species exhaustively, and 
another from Dr. E. A. Bessey of the Michigan Agricultural College. 
The strain received from Dr. Bessey bears the number 299 and was 
originally received in 1924 from Dr. C. L. Shear of the U. S. Depart- 
ment of Agriculture under number 884. This culture was isolated 
from banana in Honduras and was sent to Dr. Shear by Dr. 0. A. 
Reinking. Miss Wineland ’s culture bears the number 16 and was sent 
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as the most typical of the species from the strains studied by her. 
Diseased corn kernels were received from J. B. S. Norton of the 
Maryland Agricultural Experiment Station and from them was 
isolated a fungus producing catenulate microconidia in sporodochia. 
Fusarium monUiforme was also isolated from diseased ears of corn 
sent from Stockton, California, to Prof. W. T. Horne of the plant 
pathology laboratory of the University of California. All these 
strains were grown in parallel cultures with several strains of the 
fungus from figs and carefully compared on a great variety of 
media. 

In some respects the fig fungus agrees fairly well with the descrip- 
tions given for F. monUiforme Sheld. by Sheldon (35), Wollenweber 
and Ileinking(48), and Wineland(45). It differs, however, in the 
minimum measurements of all forms of spores, the fig fungus having 
shorter micro- and macroconidia. The fig fungus shows more aerial, 
more highly raised, and looser mycelium on some media. The aerial 
mycelium is more highly colored on some media and it has never been 
seen to be Isabella color or even any related color. The colors are 
white, pink, maroon, or reddish purple. Sporodochia are not usually 
produced on ordinary media, and when produced on steamed corn 
meal and elder stems they are formed in columns, or are filiform, 
suggesting possible catenulation. Macroconidia are not found in 
aerial mycelium. Sclerotia are not produced by the majority of the 
strains. Swollen cells in chains or singly are found in the mycelium ; 
no pseudo or true pionnotes forms were ever observed. This form 
therefore is considered as a new variety, being named Fusarium 
monUiforme Sheldon var. fid n. var. 

Cultural Characters. — As mentioned previously, many of the 
strains were grown on a variety of media in an effort to induce 
the production of macroconidia in culture. Strain 93 described 
above varied considerably on the several media employed and its 
characteristics on certain standard media will be described and 
measurements of the macroconidia given. 

The media used were Coons’s, Czapek’s dextrose, Czapek’s sucrose, 
and Sideris’ synthetic agars; hard oat, soft oat, fig, lima bean, prune, 
potato, and corn-meal decoction agars; blackberry, tomato, MelUotus, 
fig, and elder stems; potato, fig, carrot, and coconut plugs; corn meal, 
rice, and oat meal in ir)0 c.c. Erlenmeyer flasks, and in tubes ; crackers 
in deep Petri dishes and hard potato decoction agar with the addition 
of 5 per cent dextrose in Petri dishes to determine color production 
and rate of growth. 
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The most valuable of these media were: Coons ^s synthetic, hard 
oat, and fig agars in slants, blackberry and elder (Sambueus nigra) 
stems, potato plugs, rice in test tubes, oat and corn meal in 150 c.c. 
Erlenmeyer flasks, and hard potato plus 5 per cent dextrose agar in 
Petri dishes. These media were made according to directions given 
by Sherbakoff(36), Coons (7), and Sideris(37). Fig agar was made 
by boiling 100 gras, of dried figs for 30 minutes, straining, filtering, 
adding 2 per cent agar and sterilizing at 15 lbs. pressure for 20 
minutes. Cornmeal and oatmeal flasks w^ere prepared by adding one 
part of the meal by volume to three parts of water and steam steril- 
izing for one hour on three successive days. 

Coons’s agar: The aerial growth was scanty, powdery, white, 
dotted with salmon-colored sporodochia. The color on the substratum 
was Bishop’s purple, non-diffusing. The mycelium and the spores 
were very granular and the septation in the macroconidia indistinct, 
l-septate and 0-septate macroconidia were found ; 0-septate macro- 
conidia measured 8.2 X 3.1/a; l-septate, 16.4/x; 3-septate 28.7 X 4.1/t. 
Swellings occurred in the hyphae. 

Hard-oat agar: The aerial growth was hydrangea-pink, downy, 
pinkish vinaceous, abundant, with sporodochia in groups. The 
medium was dark mineral red. Swellings occurred in the hyphae. 

Fig. agar: The abundant powdery growth ranged from pinkish 
vinaceous to dark Corinthian purple. The medium was Hay’s 
maroon. No sporodochia were found. 

Blackberry stem : The fine white growth was pale vinaceous fawn 
with dull Indian purple spots and the large scattered sporodochia 
were salmon buff. Macroconidia in sporodochia were mostly 3- 
septate, 28.2-37.6 X 3.4-4.7/a (average 33.0 X 4.2/a) ; microconidia 
measured 7.0 to 8.8/a long. Sporodochia are not produced when there 
is much water in the tube. Certain strains produced sporodochia 
containing microconidia exclusively. 

Elder stems {Sambueus nigra ) : Abundant aerial white growth 
developed. Many sporodochia were found, in color between light and 
pale ochraceous buff, gregarious and solitary, effuse. Two hundred 
macroconidia were studied regarding septation, using the method 
suggested by McWhorter (20). The percentages were as follows: 
0-septate, .5 per cent; l-septate, 10 per cent; 2-septate, 5 per cent; 
3-septate, 74 per cent; 4-septate, 10.5 per cent; no 5- or 6-septate 
spores found. Microconidia measured from 4.7 to 10.6/a in length 
(average 7.8/a) ; 3-septate macroconidia measured 28.2 to 33.7/a in 
length (average 28.3/a). 
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Potato plug: Abundant matted white growth developed with the 
substratum blue in spots. Macroconidia were produced occasionally, 
but these were seldom in columns. Swellinpfs occurred in the hyphae. 

Steamed rice: After 80 days, there was abundant aerial white 
growth. Interstices were pinkish vinaceous, kernels light C-orinthian 
red. In sixty days the interstices turned ('orinthian pink, the kernels 
Corinthian red and Indian red. When a smaller amount of water 
(1:1) was added to the rice the colors were purple drab to pallid 
vinaceous. 

Cornmeal flask: This medium was found very valuable for the 
production of normal macroconidia. The aerial growth upon it was 
abundant and white, slightly tinged with salmon. Sporodochia, 
salmon-colored and in tendrils or columns, developed in great abun- 
dance after some time (50 days). The macroconidia measured as 
follows : 

1-septate, 12.9-16.4 X 2.8/x (average 14.2jLt). 

8-septate, 20-40 X 2.4-4.1/x (average 80.5 X 8.4/i,). 

4- septate, 40-50 X 8.5-4.1/x (average 46.5 X 4.0/x). 

5- septate, 48.4-51.7 X 8.5~4.7/x (average 46.8 X 8.7/a). 

Oatmeal flask: Abundant growth was made, shell pink, slightly 
vinaceous in color. An abundance of sporodochia developed as in 
cornmeal, salmon or greenish-blue in color. Pseudochlamydospores 
occurred in abundance on the mycelium. 

5 per cent dextrose hard jmtato agar in Petri dishes: In the dark, 
aerial mycelium was very woolly and raised, abundant, white to pale 
grayish vinaceous; on the medium dark Perilla purple to maroon. 
Growth from center of Petri dish to the edge (5 cm.) was made in 
six days. Spores occurred in chains but mostly in loose balls on the 
end of the much-branched conidiophores. 

The organism was grown on the.se media repeatedly with identical 
results. 

It is mentioned by Wineland(45) and several other investigators 
that strains of Fusarium rnonUifonne when grown in culture for a 
long time or when only mycelium or microconidia are used in the 
transfers, lose their power of producing macroconidia as well as their 
chromogenic properties. The strain just described of the organi.sm 
from the fig has been under culture for almost three years and trans- 
fers of it have been allowed to dry for over a year at high tempera- 
tures. When transferred to suitable media they did not seem to differ 
in the least from the original descriptions. However, the same can- 
not be said of other strains of this fungus. 
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In the course of this work it was suspected that light and the 
moisture content of the medium exercised an effect on the color 
formation and the production of sporodochia. To test this point 
8 gm. portions of cornmeal were put in each of seven 150 c.c. 
Brlenmeyer flasks and water was added in increments of 4 c.c., from 
8 c.c. of water up to 32 c.c. The series was prepared in duplicate. 
The flasks were autoclaved at 15 pounds pressure for 20 minutes, 
cooled in the refrigerator and immediately inoculated with .5 c.c. 
of a heavy suspension of both macro- and microconidia. One series 
was kept constantly in the dark at room temperature while the other 
was exposed to a rather weak diffused daylight near a window of 
northern exposure shaded by large eucalyptus trees. After 20 days 
the growth was profuse on all the members of the series, but sporo- 
dochia developed in great abundance only on the members of the 
series exposed to the light and in inverse proportion to the amount 
of water initially added. A suspicion of sporodochia only showed 
in the members of the scries not exposed to light that contained 8, 
12, and 16 c.c. of water respectively. On the other hand, the color 
developed on the medium was very much more intense and bright 
in the series kept in the dark and especially so in the members of the 
series that contained 24, 28, and 32 c.c. of water, respectively. These 
results are summarized in table 2. 


TABLE 2 

Effect of Light and Water Content on Color and Sporodochia Production 

OF F. MONILIFORME VAR. FICI GROWN ON CoRNMEAL 




Diffused light 


Dark 

Water 

(cc.) 

Sporodochia 

Color of substratum 

Sporodochia 

Color of substratum 

8 

++++ 

Flesh pink 

— 

Shell pink 

12 

++++ 

Flesh pink 

± 

Light Corinthian red 

16 

+++ 

Light Corinthian red 

± 

Buff pink 

20 

++ 

Russet vinaceous 

— 

Buff pink 

24 

++ 

Onion skin pink 


Deep Corinthian red 

28 

+ 

Onion skin pink 

— 

Deep Corinthian red 

32 

+ 

Onion skin pink 

— 

Deep Corinthian red 


This is in accordance with the findings of Sherbakoff(36) regard- 
ing the intensity of color produced by Fusarium grown in darkness. 
Coons (7) has found that diffused light is necessary for the pycnidia 
iormation of Plenodomus fuscomaculans. 
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The elfect of the hydrogen-ion concentration on the development 
of pigment in Fusarium has been recently discussed by Sideris(38) 
with a review of the literature on the subject. He found that 
Fusarium maniliforme Sheld. produced a range of diffusible colors 
from flesh to colorless when grown in liquid media with adjusted 
H-ion concentration ranging in pll from 3 to 7.5. This reaction was 
maintained constant by additions of acid or alkali throughout the 
growth period. When the reaction was not kept constant the colors 
ranged from hydrangea pink to lilac, indicating that in the alkaline 
members of the series where no color was produced when the reaction 
was maintained constant, pigment developed through the shifting of 
the pH by the metabolic products of the organisms. 

Fusarium maniliforme var. fid (strain 93) was grown in Petri 
dishes on a series of solid media ranging in pll from 4 to 8. The 
media were prepared according to the directions of Sideris(38). Ten 
c.c. portions were poured and the dishes were kept in the dark. The 
rate of growth and the pigment development was frequently noted. 
No difference in the rate of growth was observed. The organism grew 
equally well and fast on plates of pll 4, 5, 6, 7, and 8. The pigments, 
however, differed on the different members of the series and alsi; from 
those given by Sideris(38). Table 3 presents the colors diffused 
through the agar. 


TABLE 3 

Effect of Hydrogen-Ion Concentration on Pigment Formation in 
Fusarium moniliforme var. fici 


pH 

Initial 

Color after 6 days 
diameter of disc 30 mm. 

Color after 14 days 
diameter of disc 45 mm. 

Color after 33 days 
diameter of disc 50 mm. 

4 

Maroon to Van Dyke 
. red fading to hy- 
drangea pink 

Victoria lake to Van 
Dyke red 

Burnt lake 

5 

Dark Indian red to 
vinaceous rufous to 
salmon 

As in 4 but brighter 

Burnt lake 

6 

As in 4 for one-half of 
disc; as in 5 for re- 
mainder 

Perilla purple to color- 
less 

Burnt lake 

7 

Black to purplish-lilac 
to colorless 

Neutral red to color- 
less 

Dark Corinthian purple 

8 

White except on center 
which is dark blue 
slate 

Deep livid purple to 
colorless 

Indian purple 
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Strain 16 received from Miss Wineland was also grown in a similar 
series. The colors corresponded to those given by Sideris, viz., 
hydrangea pink to salmon. In the fig fungus the pigment is of the 
brighter maroon on the acid side, grading at first to dark reddish 
purple on the alkaline side; the colors of the alkaline side approach 
those of the acid side when the reaction is increased in acidity because 
of the action of the fungus. 

Associated Organisms. — Two bacterial organisms, a red chromo- 
genic and a colorless form, were found as constant associates of 
Fusarium moniliforme var. fid in diseased tissues of the fig and also 
alone in caprified figs, both ripe and green. The red chromogen was 
isolated the greater number of times from figs in the San Joaquin 
Valley. The colorless organism was more often found in figs from 
the Sacramento Valley, but both organisms were many times obtained 
from the same fig throughout California. 

Morphologically the two organisms appear identical. They arc 
both short rods 1 X -S/x, arranged singly, asporogenous, motile, stain- 
ing easily with ordinary stains. Gram negative. Culturally they are 
also identical except for chromogenesis. On agar slant at JU)'' C. 
they make an abundant, filiform, raised, glistening, opaque, viscid 
growth and have a decided odor which is similar in both and rather 
putrid. They liquefy gelatin rapidly. There is no surface growth 
on nutrient broth; the clouding is slight, the odor decided and the 
sediment scant. The liquid is colored red by the chromogen ic form. 
They both possess a slight diastatic action, and produce an alkaline 
reaction on milk in two days with a rennet curd and peptonization. 
There is no reduction of litmus. They ferment dextrose and sucrose 
wdth the production of gas and acid (pll 4.5) but do not ferment 
lactose. Indol is not formed and nitrates are strongly reduced to 
nitrites. 

The white strain answers the description of Achromohmder nitri- 
ficans (Burri-Stiitzer) Bergey(l). The chromogenic strain could 
not be assigned to any one of the species of Serratia described by 
Bergey(l). It differs in a number of ways from the type species 
Serratia marcescens Bizio {Bacillus prodigiosus Flugge) ; namely, in 
the alkaline reaction with rennet curd and peptonization in litmus 
milk, in the thick, raised, undulated margin of the colonies on agar, 
and in the fact that it has never been observed to form filaments 
or chains. 

Both the red and the white organisms were found rather poly- 
morphic on agar plates, especially when developing from fig tissue. 
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Plate 10 illustrates some of the differences. In dilution plates the 
red organism produces round, raised, glistening colonies with smooth 
margins. Such colonies are seen at the lower left of Petri dish 1109 
in plate 10. It soon, however, begins spreading in fan shape, pro- 
ducing a colorless edge. This is more characteristic when the organism 
spreads from fig tissue placed in the center of the Petri dish. It then 
spreads in slender, faintly pink streams ^vhich unite, producing an 
undulate, dark red edge (Petri dish 1084, plate 10). 

The appearance in nature and in the same habitat, of chromogenic 
and colorless forms, otherwise physiologically and morphologically 
identical, appeared to the writer to be of interest in the light of 
modifications and variations experimentally produced by selection or 
otherwise in Serratm rnarcescens Bizio (B. prwligiosus Plugge). 
I8cheurlen(84) obtained colorless strains of B. prodigiosus by growing 
the organism on potato and selecting always from the least colored 
portion of the growth for subsequent transplanting. Wolff (46) also 
obtained long white forms of B. prodigiosiin by careful selection and 
repeated transfers. Rettger and Sherrick(llO) developed through 
selection white and red strains of B. prodigiosus from a culture which 
was weak in chromogenic properties. The chromogen from the fig 
has never shown weakness in chromogenesis, although it has been 
grown on acid media and has been kept without transferring for a 
long time; similarly, pigmentation has never been observed in the 
white strain. 

Porter(27) found that Fusarium Jini was inhibited in its growth 
by a bacterium. The fig fungus does not seem to be atfected by the 
proximity of growth of either the \vhite or the red bacterium described 
above, as can be seen from plate 6. 

Experiments to determine the pathogenicity of 
the organisms isolated have met with many difficulties. Inoculations 
could not be made on Calimyrna figs, since they may have already 
become infected in the process of pollination (caprifieation) which is 
essential to the development of the fruit of this variety. Fortunately 
it was observed that when Adriatics contract the disease through 
chance caprifieation they exhibit the same symptoms as Calimyrnas. 
Normally, and unlike the Calimyrnas in this respect, they develop 
fruit without caprifieation and on repeated examination Avere found 
to be sterile up to the time of ripening. Through the kindness of 
Mr. Taylor of the Pasa Rica ranch near Fresno, a row of large 
Adriatic trees was put at the disposal of the writer for inoculation 
purposes. 
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Keeping inoculated figs in moist chambers was found to be 
impractical because as soon as the ripe fig is put into a humid 
atmosphere it is invaded by a variety of saprophytes. The method 
of removing the glass lids and covering with cheesecloth was tried. 
This was found unsatisfactory because the figs dried too fast to show 
maximum development of the rot. It was finally found that by 
inoculating the figs at stages 4 or 5 of development, while still 
attached to the twig, and then bagging the entire twig with a three- 
pound-size manila grocery bag, satisfactory results could be obtained. 
The figs were thus inoculated while still sterile, since the eye is 
scarcely opened at stage 4, and were subsequently protected by the 
paper bag from wind and insect-borne infections as well as from 
excessive and rapid drying. No inoculated figs could be lost, since 
when they ripened and dropped they remained in the bags. 

The entire collection of Fusarium, including approximately 250 
isolations and the collection of other miscellaneous organisms in- 
cluding a variety of green fungi (Cladosporium sp., Alternaria sp., 
Helminth osporium sp., Hormodendrum sp.), and other moulds which 
appear occasionally on the plates, as well as the red and white bacteria 
described above, were inoculated, in duplicate, into figs. The inocula- 
tions were made by introducing mycelium and spores through the eye 
of the fig by means of a sterile platinum needle. The eye of the 
fig had been previously sterilized by swabbing it with a piece of cotton 
wetted in an alcoholic solution of HgClg. 

• The results have been very striking and conclusive. The typical 
symptoms of endosepsis, including the disintegrated pulp, and water- 
soaked purple or pink skin spots, the eye and stem-end rot, the “slip- 
skin^' condition and the yellow gum at the eye were produced by the 
inoculations of strains of the Fmarium monUiforme fid. The green 
fungi and miscellaneous organisms were not found to be parasitic on 
the fig. Their growth when inoculated did not progress beyond the 
point of inoculation. They occasionally fill the cavity with a mass 
of superficial mycelium, utilizing the free sugar in the juice of the 
ripe fig; F. monUiforme fid, on the other hand, penetrates and dis- 
integrates the pulp and the meat and permeates the affected tissues 
in every direction. Plates were poured from all the figs inoculated 
and in every case the organisms were regained in pure culture. 

Examination of these plates showed that no changes had been 
effected in the organisms by passing them through the host; i.e., 
strains weak in chromogenesis or fruiting did not regain such lost 
properties or acquire others. A greater amount of aerial mycelium 
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was found in inoculated figs than is usually found in natural infec- 
tions, but this is probably due to the large amount of inoculum intro- 
duced into the cavity. 

Twenty sterile Adriatic figs were inoculated with the red and the 
white bacterial organisms, both in moist chambers and on the tree. 
The organisms were readily regained from the inoculated figs twenty- 
five days after inoculation but no change was observed in the fig. 
This is in accordance with what was observed in isolation experiments. 
Normal-appearing figs showing absolutely no deterioration yielded 
either the red or the white organism when plated. Finally, numerous 
inoculations were made by using one of the strains of the fungus 
together with either the red or the white bacterium. The results have 
not been very conclusive but suggest that the bacteria help in the 
disintegration of the pulp and contribute to the odor but cannot 
initiate the rot. 

Transmission 

The Flora of Caprifigs . — The difference in the flora of caprified 
and non-caprified edible figs suggested a study of the flora of capri- 
figs. The methods used in this work were the standard pathological 
ones. Caprifigs in all stages of development, before and after capri- 
fication (pi. 11) were collected from many parts of California. 
Usually not less than five figs were taken from one tree and not less 
than twenty-five from one orchard at one time. The methods used 
were those previously described. Duplicate plates from the same fig, 
using the same or a different medium, were often poured, but finally, 
as the flora was identical in both plates, and examination of a greater 
number of figs was desirable, a single plate was poured from each fig. 
However, care was taken to sample the pulp in such a way as to 
obtain a correct picture of its flora. A blank plate was poured as a 
check for every twenty-five plates. 

The flora of caprified male figs was surprisingly uniform. At 
times a variety of saprophytes, usually Altcrnariu and other green 
fungi, was found, but not in such a way as to indicate a definite con- 
nection with the disease occurring in the edible figs. A variety of 
bacteria was also found in the course of the work, but two organisms, 
the red and the cream-colored one, were almost constantly obtained 
from the pulp of caprifigs. These two organisms were the same as 
those constantly isolated from Calimyrna figs. The fungus associated 
with the internal rot of the Calimyrna was also frequently isolated 
from caprifigs. Table 4 presents in a tabular form the flora of these 
caprifigs, as it was obtained from the different sections of California. 
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TABLE 4 

The Flora of Caprified Male Figs from Commercial Orchards in California 
During the Years 1922, 1923, 1924, and 1925 



Number 
of figs 
exam- 
ined 

Per cent 
F. moni- 
liforme 
var. fici 

Per cent 
red 
bac- 
terium 

Per cent 
white 
bac- 
terium 

Per cent 
green 
fungi 

Per cent 
Torula 
yeast 

Per cent 
sterile 
figs 

Mamme 19H and 192S: 








Sacramento Section 

52 

30.7 

13.4 

61.5 


11.5 

19.2 

Modesto 

45 

35.5 

40.0 

35.6 

2.22 

2.22 

20.0 

Merced 

22 

54.6 

63.6 

59.0 

4.55 

4.55 

9.08 

Fresno 

29 

31.0 

44.8 

34.5 

3.45 

3.45 

17.2 

Reedley 

49 

32.6 

61.2 

28.6 

18.4 

18.18 

2.04 

Tulare 

24 

41.7 

70.8 

62.4 

4.17 


16.6 


221 







Profichi 192S: 




% 




Modesto 

63 

46.0 

68.3 

44.4 

12.7 


4.76 

Merced 

45 

51.1 i 

82.1 

40.0 

6.66 


4.45 

Fresno 

115 

40.9 

66.2 

18.3 

10.4 


13.9 

Reedley 

46 

52.2 

78.2 

21.7 

4.35 



Tulare 

54 

46.3 

92.5 

38.9 

3.70 


7.41 
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Profichi 1924: 








Modesto 

16 

50.0 

43.8 

68.7 

'25.0 

12.5 

6.25 

Fresno 

43 

69.8 

67.4 

67.^ 




Reedley 

47 

51.1 

80.8 

51.0 

4.25 

8.50 


Tulare 

44 

25.0 

43.2 

51.0 



6.81 

Southern California ... 

70 

17.1 




11.40 

10,00 

Mammoni 1924: 








Sacramento 

! 79 

55.6 






Modesto 

12 

58.3 

41.7 







Fresno 

5 

100.0 






Reedley 

7 

' 28.6 


100.0 




Southern California. .. . 

5 

60.0 






Mamme 1924: 








Sacramento . . ^ 

500 

59.4 






Modesto 

64 

45.3 

20.3 

23.4 




Total Mamme 

785 







Total Profichi 

543 







Total Mammoni 

108 








1,436 
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The State is divided for convenience into seven sections: the Sacra- 
mento Valley section; the Modesto section, comprising the Modesto, 
Ceres, and Turlock fig orchards; the Merced section, comprising the 
Merced, Planada, and Le Grand fig orchards ; the Fresno section, com- 
prising the Fresno, Figarden, and Clovis fig orchards; the Reedley- 
Dinuba section; the Tulare section, comprising the Orosi, Farmers- 
ville, Lindsay, and Strathmore orchards ; and the southern California 
section, comprising the orchards south of Tulare and including the 
Coachella and Imperial valleys. During the last two years, after 
the relation of the fungus to endosepsis had been definitely established, 
media favoring the growth of fungi were used rather than neutral 
media permitting a great bacterial development. For this reason the 
percentages relating to the presence of the bacteria usually found in 
caprifigs are low or lacking. The red organism does not develop 
color on acid media; it forms pin-point colonies which gro\v very 
slowly, and their differentiation and identification is difficult. 

This table show\s that the forms of Fusarinm moniliforme var. iici 
{Oospora vertiHUioides) which are always present in cases of endo- 
sepsis, together with the two bacterial forms, constitute what might 
be termed the normal flora of the male fig in its entire succession of 
crops, except in non-insect if erous caprifigs. The percentages of 
occurrence vary considerably but this is to be attributed to the small 
number of figs examined from one place at one time. The total 
number of figs examined is large enough to preclude chances of error. 
The fungus and the bacteria have been obtained from caprifigs and 
edible caprified figs at all stages of development, but only after the 
entrance of the blastophaga. 

In certain varieties of caprifigs, for e.xample, Roeding No. 1, 
Roeding No. 8, and Milco, some of the fruit of the profichi crop 
remains on the tree and develops normally, producing pollen, although 
it does not contain insects. Such figs are commonly known as blanks 
and can easily be distinguished from the insectiferous figs by their 
smaller size and lighter color. Blank figs in different stages of 
development w^ere used in pouring a large number of plates but they 
invariably proved to be either sterile or to possess a saprophytic flora 
distinct from the one occurring in caprified figs. Caprifigs as a. rule 
do not soften or acquire sugar as do the edible figs, except in a few 
varieties like the Milco and certain seedlings and only in the mam- 
moni crop. On account of this fact the symptoms of the disease are 
not clearly defined as in the edible fig. The profichi crop, which is 
the most abundant of the three, is usually picked before ripening and 
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hung in the edible fig trees in baskets to facilitate caprification. 
These profichi figs gradually become hard and dry. If such dried 
profichi are split open, they are found filled with the aerial mycelium 
of the fungus previously described which has developed in the cavity 
after the blastophagas issued and before the figs became bone dry. 
Occasionally profichi were found exhibiting a wet and mushy internal 
rot and in many cases no insects issued from such figs. The external 
symptoms of the disease, i.e., bright pink or purple spots around the 
eye and on the sides, have been observed on fleshy mammoni figs of 
the Milco and Maslin varieties. 

The Blastophaga as Carrier . — The fact that the fungus was 
obtained from both Calimyrna and caprifigs and not from any of the 
non-caprified figs pointed to the only connecting link between the 
two, viz., the blastophaga. In* order to study this point, caprifigs 
from an orchard showing a high percentage of endosepsis were taken 
to the laboratory just before the blastophagas issued. The eye and 
the surrounding skin of each were carefully sterilized in 1 :1000 IlgClg 
in 50 per cent alcohol and a sterile homeopathic vial was attached to 
the eye of each fig by means of melted paraffine (pi. 9). The figs 
were placed in a test-tube rack in diffused light until the blastophagas 
issued. When about a dozen insects had collected in each vial, the 
vials were detached and the insects removed one by one by means of 
sterilized forceps and placed on a poured Czapek-dextrose-synthetic- 
agar plate. Care was taken to immerse the insect in the agar so that 
movement was stopped. The fig from which the insects had issued 
was also used in pouring a plate so that the presence of the fungus 
in the cavity of the fig could be ascertained. Media permitting the 
development of bacteria Tvere also used and the experiment repeated 
a great number of times using caprifigs from different sources and 
crops. These experiments proved plainly that the blastophagas act- 
ually carry the organisms discussed from the caprifigs into the edible 
figs at caprification time. The flora of each fig as determined by 
pouring a plate was also obtained from the blastophaga, caught as 
previously described. All combinations of the three organisms were 
found to be carried by the insects. Plates 12, 13, and 14 show some 
of the many plates poured in these experiments. The lower Petri 
dish in plate 12 shows the development of a colony of fungus from 
each insect placed on the agar plate. The same results were obtained 
when individual gall flowers picked one by one from the cavity of 
the ca'prifig, were placed on another agar plate as shown in plate 12 
(upper). The Petri dishes in plate 13 illustrate the development of 
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both the red and the white bacteria as well as of the white fungus 
when insects or gall flowers are placed on poured agar plates. How- 
ever, not all the blastophagas, even from a fig that showed the white 
fungus, were found to carry that organism, but almost all of the 
blastophagas plated carried at least one of the two bacterial organisms. 

Method of Transmission. — Tn.sects have for a long time been known 
as carriers of plant diseases. Rand and Pierce (29) have given an 
extensive review of the w'hole subject of insect transmission in plant 
and animal diseases. They found that insects transmit pathogens in 
three ways: (1) mechanically, by picking up the spores on the 
exterior of their bodies and accidentally sowing them on the surface 
or inoculating them into punctures; (2) by making avenues of infec- 
tion through wounds; (IJ) by transmitting them internally, either 
mechanically or biologically. 

In our investigations it was found that the pathogen and the 
organisms associated with it are carried by Blastophaga psenes L. 
Extensive studies were made in order to ascertain the method of 
transmission, which might in this case be ‘‘external-mechanical,^^ 
“ internal-mechanicaP ’ or “internal-biological.^^ The life of the adult 
blastophaga is very short. Grandi(15) has kept them alive in cap- 
tivity for 4-5 days and Vallese(4‘3) for 8 days. The female, after 
laying its eggs, usually dies in the cavity of the fig where the eggs 
were laid. The male usually does not come out of the fig where he 
lives. Neither the male nor the female adult insects have been 
observed feeding on any of the parts of the fig. Grandi(15) has 
found that they possess well-formed mouthparts which are used in 
opening their way out of the gall. The male opens his own way 
out of the gall ; then he makes an opening into the gall containing the 
female and fertilizes her. The female later enlarges this same hole 
and comes out. 

The body of the adult female is covered with spines and is black. 
On examining the wings of the blastophaga, which are also spiny but 
transparent, it was found that spores, as well as pollen grains, were 
sticking to them. Insects caught in the vials attached to the eye of 
caprifigs, as previously described, were found carrying such spores 
on their wings. Under the moist conditions inside the little vial, 
the result of transpiration by the fig, these spores were found germim 
ating, and when the insects were left long enough in the vials they 
became covered with the mycelium of the fungus. A photomicro- 
graph of a portion of the blastophaga wing carrying microconidia of 
the fungus is shown in plate 15, a. It appears reasonable that such 



316 


migardia 


[Vol. 2, No. 7 


spores are present on other parts of the body of the insect but are 
not visible against the black background of the insect ^s body. It is 
concluded, therefore, that the transmission is ^^external-mechanical.^’ 

In order to determine whether the infection may be also carried 
by the third method of transmission, viz., internally (mechanically or 
biologically) the following plan of investigation was outlined. 

1. Gall flowers were removed from a caprifig just before the 
insects issued and were placed on a poured agar plate ; some unsteril- 
ized, some after sterilization by momentary dipping in 95 per cent 
alcohol, and others after dipping in mercuric chloride 1 :5000 solution, 
for 1, 2, or 3 minutes, followed by washing in sterile water until the 
washings were free from chlorine as shown by adding a drop of silver 
nitrate. To facilitate the handling of such small objects through these 
steps, the material was kept in sterile Gooch crucibles through all the 
washings and picked out of the crucible by means of a sterile wire 
having one end flattened and bent at a right angle. 

2. Insects were removed wdth the aid of sterile needles from their 
galls, which were sterilized as in (1). The insect and its gall in each 
case was plated separately. 

3. Adults were collected as they were wandering in the cavity 
after they came out of the gall but before they left the receptacle, 
and plated, some unsterilized and some sterilized as in (1). After 
sterilization some insects were crushed and some were not. 

Since the infection in the cavity of the fig cannot be determined 
by other than cultural means, the unsterilized gall flowers from the 
fig used in each experiment served as an index of infection and a 
check on the effectiveness of sterilization. Under these circumstances 
a large number of plates had to be poured from a considerable number 
of figs in order to secure sufficient data on which to base conclusions. 
The galls were removed from each receptacle by cutting through the 
stalk with a sterile knife. They were placed in a sterile Petri dish 
and mixed, after which they were divided into lots of ten and one 
lot was used in each experiment. The results showed that sterilization 
with IlgClg as described above, was effective. Flowers showing both 
fungus and bacterial infection when plated unsterilized, were found 
sterile after sterilization, both when crushed on the plate and when 
left uncrushed. The purpose of crushing was to facilitate the develop- 
ment of parasites if any were present. The results also showed that 
the insect is sterile inside the gall, since after external sterilization of 
infected galls, no more growth was obtained when the gall containing 
the insect was plated after crushing, or when the insect was removed 
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from the gall by means of sterilized needles and both insect and gall 
plated separately. It is possible that the IlgCl^ penetrated the tissue 
of the gall and thus disinfected the insect also, although this is rather 
doubtful, since a few of the insects were found alive upon extraction 
from the gall, and these were sterile. 

The results from step three of the scheme of attack were not as 
conclusive as those of steps one and two. Insects picked from inside 
the cavity of the fig, from the vials (plate 9) and as they were coming 
out one by one through the eye of the fig were plated, both unsteril- 
ized and sterilized, as mentioned previously. When unsterilized in- 
sects were plated they usually developed the cryptogamic flora of the 
fig from which they were issuing. If the fig was sterile or contained 
the fungus or either of the two bacteria or any combination of the 
three organisms that constitute the cryptogamic flora of the caprified 
fig and caprifigs, the same was found to be true of the blastophaga 
in the majority of cases. Over four hundred insects were used in 
this phase of the studies. After the insects had become infected no 
method of sterilization proved completely effective. It has been men- 
tioned before that th(‘ body and attachments of the adult insects are 
covered with spines. Spores lodged among these spines might <^asily 
escape killing even when alcohol is used to wet the surface of the 
body before applying the mercuric chloride solution. It was noticed 
that the growth on the plates was sIoav in appearing and not very 
abundant. In many cases sterilization was effective as many insects 
were found to be sterile. 

From these results it may be safely concluded that the infection is 
carried externally and mechanically, and that the insect picks up the 
spores in the cavity of the fig after issuing from the gall and before 
coming out through the eye of the fig. It seems also probable that 
there is no internal mechanical or biological transmission. This can 
be also deduced from our knowledge of the life history of the insect. 
The egg is laid, according to Grandi(15), inside the ovule of the gall 
flower between the internal integument and the nucellus. The insect 
develops inside the walls of the gall, feeding on the endosperm, the 
female does not come out until the male opens a hole in the gall walls. 
Unless the infection were deposited along with or carried in the egg, 
the chances of infection of the insect while still in the gall w’ould be 
very small. 

Caprificatian Studies , — In caprifying the Calimyrna crop the in- 
sectiferous profichi are suspended in strings, baskets, or other con- 
tainers in the trees and the blastophagas coming out of such profichi 
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and carrying pollen enter the edible figs and, incidentally, infect them 
with the endosepsis pathogen if they happen to come out of an infected 
caprifig. In order actually to prove the connection between infected 
caprifigs and diseased Calimyrnas the following caprification experi- 
ments were carried out at Planada in 1924 and at Davis in 1925. 
Through the kindness of Mr. W. Arnold of Planada, one hundred and 
twenty large paper hat bags were placed on Calimyma twigs, two 
weeks before any blastophagas issued from caprifigs. In each bag 
a twig bearing from six to ten figs was enclosed. At caprification time 
one profichi fig was introduced into each bag from places that were 
known to be heavily infected. After caprification was over the bags 
were removed and the figs allowed to ripen. Similarly bags were 
placed on Adriatic, Kadota, and Black Mission trees in the Forkner 
Fig Gardens Experimental Plots, and on the Adriatics of the Pasa 
Rica ranch near Fresno. Caprifigs from the same source as for the 
Calimyrnas were used. The figs were picked as they ripened, taken 
into the laboratory and examined for rot. If the figs looked healthy, 
or were doubtful, plates were poured to determine the presence of 
infection. No plates were poured from figs showing plainly the 
symptoms of the rot which developed actively. The results are sum- 
marized in table 5. 


TABLE 5 

Percentage of Infection of Caprified Calimyrna, Adriatic, Kadota, and 
Mission Figs, Caprified with Infected Caprifigs 


Variety 

Total number' 
caprified 

Number of 
infected 

Per cent 
infected 

Calimyrna ... 

698 

404 

57.8 

Adriatic . . 

55 

42 

76.3 

Kadota 

55 

20 

36.3 

Mission 

26 

6 

18.7 


In the experiments of 1 925 at Davis, the exact flora of each caprifig 
was determined by plating. Two hundred and thirty-eight twigs were 
enclosed in bags. One profichi ^vas introduced in each bag at capri- 
fication time. When caprification was over and the bags removed, 
each caprifig from which the blastophagas had issued Avas taken to 
the laboratory and examined. If the symptoms of the disease were 
evident no plate was poured. If the caprifig looked normal a plate 
was poured, using the method previously described. 

As the edible figs thus caprified were ripening they Avere taken to 
the laboratory and carefully examined. The results were according 



to expectations. Rather fov caprifigs nsed in caprifying the edible 
figs in the bags were found to be free from infection, but those that 
proved to be so produced edible figs that were entirely normal. 
Specifically, in one instance, the caprifig used in caprifying 16 edible 
figs on a White San Pedro twig proved to be free from infection. All 
sixteen figs on this twig were normal. Other twigs on Calimyrna, 
Adriatic, Black Mission, Bourjassotte Panache, Verdal Longue, and 
seedling trees, which carried from one to six figs, were also free from 
infection when caprified with non-infected blastoi)hagas. Not all the 
figs from twigs caprified with infected insects were diseased, indicat- 
ing that not all the blast()j)hagas, even from an infected receptacle, 
carry the infection. 

Hand Pollination . — It has been mentioned before that certain 
varieties of the caprifig (Uoeding No. 1, Roeding No. *1, Milco) 
develope pollen without the stimulus of ca])rifieation. Sucli pollen- 
iferous but non-ins(K*tiferous caprifigs are known as blanks and were 
found to be free from infection with the endosepsis organism. It was 
thought that if tli(‘ poIl(*n from such caprifigs was introduced arti- 
ficially into ('alirnyrnas, figs slioidd be developed free from infection. 
The pollen from l)lanks was shaken onto a sheet of sterile paper and 
introduced into sterile glass ey('-droj)pers having one end pull 'd to 
a fin(i capillary. The otIi(*r end Avas plugged with cotton and con- 
nected with a rubber bulb. The capillary end was introduced into 
the cavity of the fig and sufficient ])ollen blown into the cavity to 
s(‘cure pollination. The pollinated figs Avere protected from capri- 
fication before and after pollination by enclosing the tAvigs in manila 
paper bags. The pollen and the fig from Avhich it Avas obtained Avere 
l)lated in order to determine their flora. Green fungi Avere occasion- 
ally found, but no Fusarium nor the bacteria described previously. 

The results of these experiments Avere entirely convincing Avhen 
proper precautions Avere taken to exclude the insects from both the 
blank and the pollinated fig. TAventy-five fig's Avere pollinated by 
this method in 1925 and all proved to be free from disease. The 
pollen should be collected from the caprifig blanks before the eye 
of the fig opens because the larva of an unidentified species of thrips 
may later enter the cavity. Plates Avere poured repeatedly from 
blanks and edible figs in order to determine the presence of the thrips 
larva and its effect on the flora of the fig. Of 95 uncaprified figs 
examined, the larva Avas found only in tAAO, and the flora of such 
figs was never found to parallel the flora of caprified figs. Most of 
the figs were sterile. Occasionally several types of green fungi that 
bear no relation to the disease were obtained. 
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Pathogenesis and Life History op the Pathogen 

Prom the foregoing discussion it is seen that the spores of the 
fungus are introduced by the blastophaga into the edible fig at a very 
early stage of growth when the fig is small, green, hard, and ready 
to be caprified or pollinated. The symptoms of the disease do not 
appear in the tissues of the fig until it is ripe. In the meantime the 
fig develops normally, the cavity fills, and the seeds are formed. The 
question is raised as to what becomes of the spores of the fungus 
during this interim. Do they germinate and vegetate or remain 
dormant until the fig tissues can be invaded? Many figs at different 
stages of development were examined. Occasionally some white, 
aerial, fungous growth, produced by the endosepsis pathogen was 
observed in the cavity of unripe figs. This growth invaded very little 
tissue, but developed mostly on the dead body of the blastophaga 
which was lodged between the flowers. In many figs the stigmas of 
certain flowers were much darker than those of others, and this color 
was very prominent in the flowers surrounding a dead blastophaga. 
In figs from orchards highly infected, it was found that sometimes 
the entire cavity where the styles and stigmas come together in the 
center presented this scorched, dark brick-red pigmentation, although 
no fungous growth was evident to the naked eye. The styles were 
removed and examined under the microscope. To facilitate the exam- 
ination the styles were fixed in absolute alcohol, stained in 2 per cent 
solution of Magdala red in 85 per cent alcohol, dehydrated in absolute 
alcohol, cleared in xylol and mounted in balsam. It was found that 
the withered stigmas were covered wdth slender hyphae. Plates were 
poured from figs showing the dark-red stigma, and also from un- 
pigmented ones. The fig was split under aseptic conditions and the 
entire flower removed by cutting the stalk with a sterile knife. The 
flowers were placed on poured and cooled Czapek agar plates. It 
was found that F. moniUforme var. fid grew regularly from dark-red, 
orange, or brown-colored stigmas. White or slightly yellow-colored 
stigmas were sterile. The fungus could be very easily seen on the 
plates, forming colonies radiating from dark-red stigmas. In one 
case dark-red and colorless stigmas were selected from the same 
receptacle and w^hile the former were found infected with the fungus, 
nothing grew from the latter. Plate 14 (2545 and 2571) illustrates 
this point. It was found that wherever insects were lodged, as men- 
tioned previously, such brown discolorations could be seen on the 
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style, the stigma, the stalk, and even on the side of the seed. Fungus 
hyphae could be seen under the microscope on all of these discolored 
parts. 

Adriatics caprified experimentally were also examined and com- 
pared with non-caprified figs. In non-caprified figs of the Adriatic 
variety the stigma is colorless almost to maturity, when it shrivels 
and turns yellowish-brown. In caprified figs, immediately after cap- 
rification the stigmas turn yellow or yellowish-brown. This discolor- 
ation of the stigma is uniform throughout the cavity and cannot be 
confused with the color of the stigmas showing fungous infection. The 
latter usually occur in spots, except in extreme cases, and are most 
abundant near the body of a dead blastophaga. The same is the case 
in the caprifigs. The fungus was found vegetating on the stigmas 
until the other tissues could be invaded (plate 15, b and c). 

Rotting tissue of Calimyrnas was fixed in chromacetic solution, 
washed in water, dehydrated, cleared, infiltrated in paraffin, and sec- 
tioned. Various differential stains were tried, as well as Ilaiden- 
hain’s iron-haematoxylin, Delafield’s haematoxylin, and Flemming’s 
triple stain. In most sections the disintegration of the tissues was 
so far advanced that no picture could be obtained of the action of 
the fungus on the host. However, by making a large number of 
sections, especially of the meat around the eye, from the margin of 
watersoaked spots, it was found that the fungus follows at first the 
vascular system and then invades the cells, growing both intercellu- 
larly and intracellularly. Figure 2 and plate 16 illustrate these 
points. 

The life history of the pathogen can now be recapitulated. 
Infection takes place at caprification time, from spores carried 
mechanically by the caprifying insect Blastophaga psenes L. The 
spores are usually' deposited near or on the flowers about the eye 
of the fig. The spores germinate readily and the fungus grows slowly 
on the stigmas of the flowers and the body of the dead insect, until 
the pulp and the meat commence to ripen and are in turn invaded. 
The fungus does not attack any part of the tree except the fruit. It 
does not run into the twigs from the stalk of the fig. Figs are 
produced at the axils of the leaves of the current year’s growth, 
therefore they could not be infected from old cankers even if such 
existed. No other source of infection has been found but that of 
caprification. Within edible figs, therefore, the life cycle of the disease 
is not completed as the blastophaga is unable to breed in them. The 
pathogen completes its life cycle in the caprifig paralleling exactly 
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that of its carrier. The fungus overwinters along with the blastophaga 
in the mamme figs. In April the adult females carry the spores of 
the fungus into the profichi where they germinate and grow on the 
stigma of the gall flowers and the body of the dead insect. In June 
the adult females come out of the profichi carrying spores of the 
fungus on their bodies. Some of these females enter Calimyrnas 
and infect them, others enter mammoni caprifigs, where they carry 
the infection and lay their eggs. The blastophaga coming out of 
the mammoni transmit the infection to the mamme in September and 
the cycle is completed. 


Distribution 

The disease discussed in this paper has not been reported definitely 
from other countries. In a series of monographs on the fig industry 
of the different districts of Italy by Guglielmi(17) on the" district 
of Lecce, Portale(26) on the district of Mistretta, De Kosa(33) on 
the district of Castro, Sinisealchi(39) on the province of Salermo, 
and Ferrari (13) on the district of Cosenza, although the diseases 
of the fig are discussed, no mention is made of internal rot. A 
gummosis of the fruit of the Dottato (Kadota) is mentioned by 
Ferrari (13) from the district of Cosenza and discussed in relation 
to a bacteriosis of the tree. He states that those figs attacked by the 
disease when nearly ripe show a drop of liquid at the eye first yellow, 
then reddish, which increases in volume and if the infection is heavy, 
is exuded. This description corresponds rather to’ souring, especially 
since the Dottato is a parthenocarpic variety. No mention of internal 
rot is made by Trabut(42) or Guillochon(18) from North Africa 
(Algiers), or Esterlich(12) from Spain in their treatises on the fig. 
Vallese(44) describes a disease of the fruit in Italy that may possibly 
be the same as endosepsis. He states that the spoiled fruits ripen 
without presenting external signs of the disease. The pulp, however, 
turns pale brown and the sweet juices change to bitter and are 
extremely disgusting. The most susceptible variety is the red Dottato. 
Probably this rot is caused by a fermentation of the sugar of the fig 
started by a bacterium. 

Efforts have been made to ascertain whether endosepsis is found 
in Asia Minor, Algeria, and Greece, where the practice of caprification 
is in general use. No reference in literature was found. Dried figs 
from A^ia Minor secured by Mr. Condit were examined and plates 
poured, but without definite results. Aspergillus sp. and a few yeasts 
were the fungi obtained. It was thought that if caprifigs could be 
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secured from the above mentioned countries in the winter, the flora 
secured from plating these caprifigs would give an idea regarding the 
presence of the internal rot in the.se countries. Permission was 
obtained from the Federal Horticultural Board and letters were 
written to scienti.sts and others in the Mediterranean countries. 
Several responded very kindly and I wish to express my obligation 
to Dr. Cass A. Reed, of the International College, Smyrna, Dr. L. 
Trabut, of Algiers; Mr. D. P. Caldis, of Mytilene, Greece; Mr. E. 
Kefalas, of Samos, Greece ; and Mr. C. E. Dickerson, Assistant Trade 
Commissioner, American Embassy, Athens, Greece, for supplying me 
with caprifigs. 

A number of fungi, mo.stly of the genus Pusariiim, were secured 
from the.sc caprifigs, but preliminary observations did not disclose 
these to be the same as F. moniliformc ficiy the organism responsible 
for internal rot in California. 


SUMMARY 

A disease of the Calimyrna and other eaprified figs is nere 
de.scribed for' the first time, and the .synonymy and economic impor- 
tance are di.seu.ssed. The name endo.sepsis (internal rot) is proposed. 

The disea.se is caused by Fumrium moniUJorme var. jici n. var., 
which has been found permeating the diseased tissues, constantly 
isolated from them, ])roven to be i)athogeiiic when inoculated and 
readily rei.solated. Strain 93 is considered the type form of the 
new variety. 

The above fungus, together with two bactcuda, constitute a typical 
flora in eaprified figs in California. 

The organisms constituting this flora are de.scribed and their 
physiological and cultural reactions given. Their taxonomic relations 
are discussed. 

These organi.sms were found to be traiLsmitted mechanically on 
the body of the caprifying insect, Blastopliaga pscncs L. 

The life history of the pathogen is outlined. 

Figs w^ere found to be sterile internally up to the time when they 
are entered by insects. 
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SOME FACTORS INFLUENCING THE ROOTING 
OF VINE CUTTINGS 

A. J. WINKLEl^i 


A perfect ‘‘staiur^ is rarely obtained in rooting vine cuttings. The 
difficulty of seciirini? a hij^h percentage of rootin^s*-^ varies greatly Avith 
the varieties of the different species and their hybrids. Some of the 
best phylloxera-resistant slocks are rooted with great difficulty. When 
the importance of propagating by cuttings and the difficulties of 
rooting are considered, the value of any treatments or methods of 
handling which Avill increase the proportion of cuttings that root or 
which will improve the qualit}" of the rootings produced is obvious. 

The objects of this investigation were to determine the influence 
on the number of cuttings that rooted and on the quality of the root- 
ings produced of (1) the starch content of the cutting, as indicated 
by the iodine test' (2) the time of planting, and (3) treatment Avith 
oxidizing agents. 

THE STARCH CONTENT OP CUTTINGS AS INDICATED BY 
THE IODINE TEST 

The iodine test as an indication of the stored reserve foods of 
cuttings has been successfuly applied by some of the leading nursery- 
men of Europe in selecting stocks for grafting. This test, however, 
is not used in the selection of cuttings for planting either in the \dne 

1 Assistant Viticulturist in the Experiment Station. 

2 Bootings, as used in this paper, refers to cuttings which have developed 
roots and grown for one year in the nursery. 
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nursery or directly in the field in California. Since the varied climatic 
conditions of California greatly affect the nutrition of the canes 
through their influence on the nature of the growth of the vines, the 
iodine test may be of value in eliminating cuttings which do not 
possess adequate reserve foods. 

In testing the relation of starch content to rooting, as indicated by 
the iodine test, cuttings of Sultanina were collected from several of 
the grape-growing sections of the state. The cuttings were made in 
January and shipped by express to Davis, where they were held in 
sand in a cool sand pit until the middle of February, when the tests 
were carried out. 



a b c 


Fig. 1. The different degrees of intensity of staining with iodine correspond- 
ing. to the starch content of the cuttings in the several groups, n, Group 1. 
h, Group 2. c, Group 3. 

In making the tests, freshly cut ends of two hundred cuttings of 
each lot were immersed for one minute in a 0.2 per cent solution of 
iodine in potassium iodide. By means of this uniform exposure to 
the iodine solution, it was possible as a result of the different degrees 
of intensity of staining obtained to divide the cuttings into the follow- 
ing groups : 

Group 1 : Cuttings which showed deep staining throughout the 
w'ood and very dark staining in the medullary rays (fig. 1, A). 

Group 2 : Cuttings which showed only faint staining in the wood 
near the cortex, slight staining of the w^ood adjacent to the pith, and 
deep staining in the medullary rays (fig. 1, B). 

Group 3 : Cuttings which showed no staining in the wood near the 
cortex, faint staining of the wood adjacent to the pith, and well 
Refined staining in the medullary rays (fig. 1, C). 
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Although it was impossible to make a very rigid classification of 
cuttings by this method of selection, the grouping as indicated above 
appears to be serviceable for practical purposes. The results, at least, 
seem to indicate that the slight overlapping of the groups which of 
necessity occurred, was not sufficient to greatly influence the results. 
The percentage of rootings obtained under the different groups is 
given in table 1. 


TABLE 1 

The Inplurnce op the Starch Content on the Percentage and thyz Vigor op 

THE RoonNos Produced 



Cuttings with 
high starch 
content 
(Group 1) 

1 

Cuttings with 
medium starch 
content 
(Group 2) 

Cuttings with 
low starch 
content 
(Group 3) 

Per cent rooted 

62 . 5 

35.3 

16.9 

Per cent of vigorous rootings produced 

30.0 

9.3 

1.8 


The figures of table 1, which are percentag(\s of the number of 
cuttings planted, indicate that there is a more or less direct relationship 
between the starch content of the cuttings and the number of rootings 
produced. The data further indicate that the vigor of the rootings 
produced is also closely corrclat(‘d with the starch content. 

TABLE 2 

Tub Relation op Reducing Substances and St.vrcii Content to the Numbfj? 
and Vigor op the Rootings Produced under the Several. Groups 


. 

Cuttings with 
high starch 
content 
(Group 1) 

Cuttings with 
medium starch 
content 
(Group 2) 

Cuttings ^nth 
low starch 
content 
(Group 3) 

Per cent of reducing substances 

2.27 

2.30 

2.12 

Per cent of starch 

5.68 

3.72 

2.56 

Per cent of cuttings rooted 

85 

42.5 

23.5 

Per cent of vigorous rootings 

53.1 

17.0 

5.1 


As a further check on the reliability of the iodine test, analyses 
were made of a considerable number of cuttings of the different 
groups. These analyses, together with the percentage and vigor of the 
rootings produced, are given in table 2. 

The figures of table 2 indicate that the iodine test is relatively 
accurate and that it may, at least for practical purposes, serve as a 
means of determining the storage of reserve foods of cuttings. The 
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figures also emphasize the relation of the starch content to the viability 
of the cuttings. There seems to be no relation between the starch 
content and the amount of reducing substances, since the latter sub- 
stances are present in about the same amount in each of the groups 
of cuttings. 

It is also of interest to note that the vigor of the rootings produced 
was closely correlated with their composition. Although the rootings 
of the cuttings lower in starch had a greater space in the nursery 
row, owing to a greater mortalit}^ this advantage did not enable them 
to equal the vigor of the rootings of the cuttings of higher starch 
content. This difference in mortality and its influence on spacing for 
groups 2 and 3 is shown in figure 2. 



Fig. 2. The relation of starch content to the mortality of cuttings in the 
nursery and the effect of the death of cuttings on the spacing of the remaining 
rootings. a, Group 2. 5, Group 3. 


TIME OF PLANTING 

During the seasons of 1924 and 1925, lots of two hundred cuttings 
each were planted at varying intervals, from December of the previous 
year to May. These plantings were made to determine, if possible, 
the influence of the time of planting on the number and vigor of 
rootings produced. The results obtained during the two seasons are 
listed in table 3. 

The figures of table 3 show a considerable advantage in favor of 
the earlier plantings with regard to both the total number of rootings 
produced and the quality of the rootings. All cuttings planted after 
'the middle of March were very unsatisfactory. The falling off in 
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TABLE 3 

The ErrBCT or Time or Plantino on the Number and Vigor or Bootings 


(The percentage of rootings produced by the earliest planting is taken as 100) 


Variety 

Date of planting 

Per cent of 
cuttings that 
rooted 

Per cent of 
vigorous rootings 
produced 

Alicante Bouschet 

Dec. 20, 1923 

100 

67 


Jan. 16, 1924 

90 

58 


Feb. 18, 1924 

89 

49 


Mar. 20, 1924 

53 

40 


Apr. 15, 1924 

38 

31 


May 15, 1924 

46 

12 

Sultanina 

Dec. 31,1924 

100 

77 


Feb. 2, 1925 

82 

59 


May 3, 1925 

24 

6 

Muscat 

Dec. 31, 1924 

100 

65 


Feb. 2, 1925 

67 

30 


May 3, 1925 

35 

8 


both the quality and quantity of rootings produced, however, is more 
or less uniform from the earliest to the latest plantings. 

The figures of table 4 and the illustrations of figure 3 indicate why 
earlier planting gave the better quality and probably also the greater 
percentage of rootings. These data show that the cuttings of the 
earlier planting started root development much in advance of those 
of the late plantings. This not only tended to extend the growing 
season but also gave the roots a start before the buds pushed. 


TABLE 4 

The Condition or Root and Top Development op Alicante Bousciiet Cuttings 
OP the Various Plantings on April 15, 1924 


Date of planting 

Per cent of 
cuttings 
showing root 
development 

Average 
number of 
roots per 
cutting 

Average 
length of the 
individual 
roots 
cm. 

Per cent of 
cuttings 
showing top 
development 

Dec. 20, 1923 

60 

4.5 

8.9 

5 

Jan. 16, 1924 

50 

3.4 

8.3 

7 

Feb. 18, 1924 

40 

3.0 

.4 

3 

Mar. 20, 1924 

20 

2.5 

.1 

0 

Apr. 15, 1924 

0 

0 

0 

0 

May 15, 1924 

0 

0 

0 

0 
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TREATMENT WITH CHEMICAL COMPOUNDS THAT 
EXERCISE STIMULATORY EFFECTS 


In the tests of chemical treatments, an attempt was made to 
improve the rooting of grape cuttings by utilizing the findings of 
Curtis (2) and others, who have shown that various chemicals, especi- 



Fig. 3. The influence of the time of planting on the stage of root develop- 
ment on April 15. a, Planted December 20. b, Planted February 18. c, Planted 
March 20. 


ally oxidizing reagents, stimulate root growth. In these tests, cuttings 
were subjected to continuous contact or to preliminary treatments of 
short duration in solutions of the various compounds in distilled 
water. In the continuous treatments, the cuttings were rooted in 
flasks containing the solution. In the limited treatments, the cuttings 
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were left in the solution in most cases for forty hours. In all of the 
treatments about one inch of the base of the cuttings was immersed 
in the solution. 

In a few of the earlier of these tests, twenty cuttings were used in 
each lot; however, in the majority of the trials, fifty cuttings were 
used. Glass jars placed on the laboratory bench served as containers 
for the cuttings. For callusing in sand, the cuttings were reversed 
in a sand pit with a southern exposure which was covered with glass. 
The temperature was not controlled. However, where comparisons 
are made between lots treated with diff(‘rent compounds, the cuttings 
were all treated as nearly alike as possible with respect to expo.sure to 
light and temperature. 

In the comparisons, the average percentage of rootings, the vigor 
of the rootings, the average total length of top and root growth (for 
the newly rooted cutting), and the diameter of the roots for the one- 
year-old rootings are used. The length of individual roots and shoots 
varied too gr(‘atly for comparisons of th(*se to be consistent. 

Data have been collected on the effect of the duration of treatment 
and of the concentration of solution of the various compounds together 
with their influence on the rate of root and callus formation and on 
the number and vigor of the rootings produced. 

Concentration of Solution . — In tests of the effect of concentration 
of solution twenty cuttings were treated for 24 hours in each of the 
several concentrations of solution of the several different compounds. 
After treatment, the cuttings Avere callused in sand for 14 days. The 
re.sults of tht*se tests are given in table 5. 

The figures of table 5 indii'ate tliat cuttings, in the stage of dorm- 
ancy, of the Alicante llouschet (a variety of Vitis vinifera) cuttings 
used, are tolerant of a considerable range in the concentration of the 
reagents without loss of the stimulating effect. This tolerance is a 
factor of much importance, if tliis form of root stimulation is to be 
applied in practice where an accurate control of the concentration of 
the reagents is difficult. 

The concentrations giving the greatest stimulations were .001 to 
.0001 mol. solutions of Mn804, Mno(S04)3, K3Fe(CN)6, and iodine; 
.01 to .001 mol. solutions of MnO., FeCl^, and NaoOo, and .1 to .05 mol. 
solutions of HaOj; and KMn04. The greatest concentrations of solu- 
tion in these tests, except for the IIoOo and FeClg, Avere approaching 
the maximum concentration that could be used Avithout injury, since 
the root growth under these was little or no better than that of the 
check. 
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TABLE 5 

The Influence op Concentration of Solution of the Several Compounds on 


THE Formation op Boots on Alicante Bouschet Cuttings 


Reagent 

Mol. concentration 

Per cent of 
cuttings rooted 

Average total 
root length per 
cutting 

Water (check) 

Distilled 

30 

4.2 

KMn04 

.05 

70 

9.7 


.1 

100 

32.1 


.2 

40 

6.5 

Mn02 

.001 

90 

52.2 


.01 

95 

59.2 


.1 

70 

35.7 


.2 

40 

16.0 

NajO, 

.001 

95 

72.6 


.01 

70 

^47.7 


.05 

35 

5.9 


.1 

30 

2.4 

FeCU 

.0001 

40 

11.6 


.001 

65 

68.8 


.01 

75 

47.6 

MnS04 

.0001 

85 

81.3 


.001 

100 

112.3 


.01 

75 

47.6 

Mnj(S 04 ), 

.0001 

65 

21.1 


.001 

65 

12.5 


.01 

35 

8.7 



.001 

55 

32.6 


.01 

40 

19.5 


.1 

‘75 

45.0 


.5 

90 

58.0 

K,Fe(CN). 

.0001 

90 

16.0 


.001 

95 

28.8 


.01 

m 

6.8 

K,Fe(CN)6+3HjO 

.0001 

35 

6.7 


.001 

25 

4.2 

I 

.0001 

80 

87.8 


.001 

65 

51.0 


.01 

35 

4.6 

KI 

.0001 

35 

8.0 


.001 

30 

[ 5.6 


.01 

20 

1 2.5 


The data of table 5 show also a relatively close correlation between 
the number of cuttings that rooted and the average total length of 
roots to a cutting. The data in a later part of this paper show that 
this correlation holds throughout the entire season where the treated 
cuttings are planted in the nursery. 
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The two reducing substances, namely K4Fe(CN)o • 3H2O and KI, 
listed in table 5 were included to test the belief of some workers that 
the stimulation of root growth is possibly due to the ions present in a 
compound and not to its properties as regards oxidation or reduction. 



Fig. 4. The stimulating etteet of K 3 Fe(CN)« and )« • 3H,0 on the 

development of roots, a, K 5 Fe(CN) 6 . b, Water, c I^Fe(CN)e. 3 H 2 O. 


Figure 4 shows the respective stimulating effects on root development 
of K3Fe(CN)e and K4Fe(CN)3-3Ii20. The stimulation seems to be 
associated with the oxidizing properties of the K3Fe(CN)^, since the 
same ions are present in these two reagents. Similar results were 
obtained with the iodine and potassium iodide. 
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The K4Fe(CN)e* 3H2O did produce a slight increase in Toot 
development. This small stimulation, however, which is within the 
limits of experimental error, might also be the result of chemical 
injury. 

Duration of Treatment , — Twenty cuttings were placed in an indi- 
vidual jar for each of the periods of treatment for every concentration 

TABLE 6 

The Influence op Duration of Treatment on the Development of Boots 


Variety 

Reagent 

Molar 

concentration 

Duration of 
treatment in 
hours 

Per cent of 
cuttings with 
roots 

Average total 
length of roots 
per cutting in 
centimeters 
after callusing 

Black Monukka 

Water 

Check 

24 

20 

2.7 

(Variety of Vitis 

Water 

Check 

60 

20 

2.5 

vinifera) 

Water 

Check 

120 

10 

1.0 


KMn04 

.1 

24 

80 

109.0 


KMn04 

.1 

60 

100 

143.0 


KMn04 

.1 

120 

60 

40.0 


KMn04 

.25 

24 

60 

45.0 


KMn04 

.25 

60 

55 

36.0 


KMn04 

.25 

120 

15 

31.0 


KMn04 

1.0 

24 

30 

5.0 


KMn04 

1.0 

60 

15 

1.0 


KMn04 

1.0 

120 

0 

0.0 


Water 

Check 

24 

40 

4.3 


Water 

Check 

48 

40 

4.9 


MnS04 

.001 

24 

60 

51.0 


MnS04 

.001 

48 

100 

78.0 


MnS04 

.01 

24 

70 

57.0 


MnS04 

.01 

48 

60 

45.0 


FeCb 

.001 

24 

68 

58.0 


FeCla 

.001 

48 

80 

74.0 


FeCU 

.01 

24 

85 

74.0 


FeCla 

.01 

48 

70 

67.0 


of solution. At the time the cuttings of the shortest period of treat- 
ment were removed to the sand, the solutions on the others were 
changed. The same changes were again made when the cuttings for 
the next period of treatment were removed. All cuttings were 
callused in sand for 14 days after their removal from the solutions. 
The results for different periods of treatment with three different 
reagents are given in table 6. 

The data of table 6 indicate that the duration of treatment as well 
as the concentration of the solution of the reagent may influence the 
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stimulation of root formation. That is, with a low concentration of 
solution, a longer period of treatment may give results comparable to 
a shorter treatment with a higher concentration of solution. This is 
well illustrated by the treatments with MnS 04 PeCla. For the 
24-hour treatment, the .01 mol. solutions for these reagents gave the 
best results, while for the 48-hour treatment, the .001 mol. solution 


TABLE 7 

The Inplitencb op Oxidizing Eeagents on the Rate or Root and Callus 
Formation on Cuttings 





Callusing 

Per 

cent 

Aver- 

age 

Per cent of cuttings 
without routs 

Variety 

Treatment with 
cone, of reagent 

Treatment 

duration 

nature and 
time 

with 

roots 

total 
length 
of roots, 
cm. 

1 

Good 

callus 

Poor 

callus 

With- 

out 

callus 

Champini 

Water (check) . . 

40 hours .. 

16 days re- 

0 

0 0 


40 

60 


.001 m. MnSOi .. 

40 hours .. 

versed in 

100 

67 0 

0 j 

0 

0 


.001m. K3Fe(CN)6 

40 hours 

sand pit. 

70 

87 0 

20 

10 

0 


.01 m. NajO, ! 

40 hours 


90 

52 0 

10 

0 

0 

Champini 

Water (check) 

Continuous . 

20 days in 

33 

12 0 

15 

25 

25 


.0001 m. MnS 04 . 

Continuous 

the solu- 

95 

22 0 

0 

0 

5 


0001 m. K 3 Fe(CN)« 

Continuous 

tion.s in 

71 

49 0 

15 

5 

9 


.001 m. 

Continuous. 

hot room. 

71 

23 0 

24 

5 

0 


001m. KMn 04 . 

Continuous.. 


38 

25 0 

30 

20 

12 

Labrusca 

W’ater (check) . . 

40 hours 

18 days re- * 

0 

0 0 

10 

50 

40 

(Pierce) 

.001m, K3Fe(CN)6 

40 hours 

versed in 
sand. 

90 

35 0 

10 

0 

1 

0 

Labruaca 

Water (check) 

Continuous.. 

20 days in 

25 

5 0 

25 

30 

20 

(Pierce) 

0001 m. MnS 04 

Continuous.. 

the solu- 

100 

58 0 

0 

0 

0 


.0001 m. K 3 Fe(CN )6 

Continuous.. 

tions in 

66 

12 0 

15 

3 

10 


001 m. NajOj 

Continuous.. 

hot room. 

66 

17 0 

25 

8 

0 

Vinifera 

Water (check) 

40 hours 

12 days re- 

0 

t 

0 0 

20 

10 

66 

X 

OOlm. MnS04 

40 hours 

versed in 

20 

23 0 

34 

25 

21 

Berland. 

.001 m. K3Fe(CN)6 

40 hours ... 

sand. 

4 

20 0 

34 

35 

33 

(41B) 

.01 m. NajOj . . 

40 hours 


4 

25 0 

54 

30 

14 


.01 m. KMnOi .... 

40 hours 


12 

7 0 

30 

40 

18 


gave the greater stimulation. Similar relations of time of treatment 
to concentration are indicated by the tests with KMn 04 . 

Rate of Callus and Root Formation , — In these tests only varieties 
were used which are difficult to root. Fifty cuttings were used in each 
lot. The concentration of solution and duration of treatment employed 
were those which gave the best results in preliminary tests. The 
influence of the several reagents used on the rate of callus and root 
formation is shown in table 7. 
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As shown by the figures of table 7, all of the reagents employed 
induced a marked stimulation in callus and root formation. In each 
series for each variety, the callus and root formation of the treated 
lots was far ahead of the checks treated with water. 



Fig. 5. The stimulating effect of Mn804 and K,Fe(CN)« on the formation 
of roots on Pierce cuttings, a, MnS 04 . ft, Water, c, K 3 Fe(CN)e. 
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Fig. 6. The stimulating effect of MnS 04 and KgFeCCN)* on the formation 
of callus on 41B cuttings, a, MnS 04 . Water, c, K,Fe(CN)e. 


These data indicate also that in all the series in which it was 
employed, MnSO* gave the greatest stimulation as shown by the 
percentage of cuttings with roots. The KgFe(CN)j gave the next best 
stimulation of root formation, if both the percentage of cuttings with 
roots and the average total length of roots per cutting are considered. 
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The Na-^Og was only slighly less stimulating than the K 3 Fe(CN) 0 , 
while the KMn 04 , which has possibly received the most attention in 
the past as a stimulant of root growth, gave the poorest results. 

The stimulating influence of MnS 04 KsPeCCN)^ is further 
indicated by figure 5. These cuttings of Pierce were treated con- 
tinuously for 20 days and were then held in sand 6 days before 
photographing. The effect of these same reagents on the formation 
of callus on 41 B cuttings is illustrated in figure 6 . Those shown here 


TABLE 8 

The Inpluengk op Cejii ain Oxidizing Reagents on the Pjhicentage op 
C u'rriNGS THAT Root 


Reagent 

Duration of 

1 the 

treatment, 
in hours 

Variety and the percentage that rooted 

41B 

Champini 

Pierce 

Water (check) 

i 24 

40 

.50 

40 

KMn 04 . 1 mol. . . 

24 

100 

00 j 

1 

KMn 04 05 mol. 

48 

90 


1 65 

MnS 04 .001 mol. 

48 

100 

80 

100 

FeCb 01 mol. 

24 

SO 

60 


K 3 Fe(CN)fi 001 mol. ! 

24 

100 

87 

80 

Sand (planted direct from 





sand pit) 


25 

30 

20 


are ten average cuttings of the lots listed in table 7 for these treat- 
ments of this variety. The photograph, however, Avas taken after the 
cuttings had been in the sand for only 8 days, which was before any 
roots had formed. It is, of course, a well known fact that a heavy 
formation of callus does not necessiirily indicate that root formation 
will follow, or that the absence of callus precludes the formation of 
roots. Rooting may be independent of callus formation. However, 
as is shown by figures 7 and 10, the formation of callus on these 
cuttings was an indication of their respective rates of development. 

Number and Vigor of the Bootings Produced , — Fifty cuttings of 
each variety were used for each of the reagents. The cuttings were 
treated 40 hours in the solutions and then callused in sand before plant- 
ing. In the nursery the cuttings M ere planted six inches apart in roAVs 
spaced six feet. The influence of the treatment on the number and 
vigor of the routings for the varieties tested during 1924 is given in 
tables 8 and 9. 
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The data of table 8 show a considerable increase in the percentage 
of cuttings that rooted for each of the varieties as a result of the treat- 
ments. The greatest increases were obtained in 41B and the least in 
Champini. There was little difference in the stimulating effect of the 
several reagents. 

Of equally as great significance as the increase in the percentage 
of rootings produced is the increase in the number of first class or 
vigorous rootings. Some measurements made at the end of the first 

TABLE 9 


The Inpluence or Certain Oxidizing Eeaoents on the Vigor or the Bootings 


Variety 

Treatment 

Per cent of 
rootings 
that were 
vigorous 

Relative 
circumference 
increase in 
centimeters 

Total length 
of top 
growth in 
centimeters 

Average 
diameter of 
indiAridual 
roots in mm. 

Champini 

Check (in water) 

28 

.4 

166 



MnS 04 .001 mol,... 

88 

2.4 

439 



FeCh .001 mol. ... 

83 

2.3 

490 



KMnO. .05 mol 

83 

1.5 

416 



Check (planted di- 






rectly from sand 






pit) 

0 

.7 

122 


41B 

Check (in water) . . 

20 

1.3 


1.9 


MnS 04 .OOlmol. ... 

80 

2.5 


3.6 


FeCls .01 mol 

75 

2.7 


3.3 


KMn 04 .05 mol 

75 

2.7 


2.9 


Check (planted di- 






rectly from sand 






pit) 

5 

! .3 


1.4 


season’s growth in the nursery on the difference in the vigor of the 
rootings produced by the treated lots as compared to the checks are 
given in table 9. 

The data of tables 8 and 9 indicate that the increase in vigor was 
more pronounced than the increase in the percentage of rootings. 
That is, 41B gave a rooting percentage of 40 in water and 100 in 
.001 mol. MnS 04 (table 8), while the percentage of vigorous rootings 
was 20 and 80, respectively (table 9). Similarly, the Champini in 
water had a rooting percentage of 50 and in MnS 04 80, while the 
percentage of vigorous rootings produced under these treatments was 
28 and 88, respectively. The same is true for the other treatments. 

The influence of the several oxidizing agents employed, on the 
number and vigor of the rootings produced during 1925, was similar 
to that of 1924. Additional data, however, were collected and 
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the probable error of some of the measurements determined; hence, 
the results may serve as a better basis of comparisons than those of 
tables 8 and 9. The influence of these treatments on the number and 
vigor of the rootings produced is given in table 10 and the influence 
on root develepment is illustrated further in figures 7 and 10. 

TABLE 10 

The Influence op Certain Oxidizing Eeagents on the Number and Vigor op 

Rootings Produced 


Variety 

Treatment 

Mol. 
cone, 
of re- 
agents 

Per 
cent of 
cuttinfra 
rooted 

Per 
cent of 
rootings 
that 
were 
vigor- 
ous 

Num- 
ber of 
good 
root- 
ings 
from 
100 
cut- 
tings 

Circum. 
increase 
in centi- 
meters 

Average 
total 
length 
of top 
growth 
cm. 

Aver- 
age 
num- 
ber of 
roots 
to a 
plant 

Average 

diameter 

of 

individ- 
ual roots 
mm. 

Champini 

Water 


70 

50 

35 

.53=b 14 

140±24 

5 8 

2 8± 23 


MnS04 

.001 

100 

100 

100 

1 lldb 16 

244±13 

7.3 

3 8=fc 20 


K,Fe(CN)« . 

001 

100 

90 

00 

1 37± 21 

312=b24 

8 8 

4 l± 18 


Na/Jj . 

.01 

100 

100 

100 

.97± 17 

313d=17 

7 8 

3.8± 20 


KMnOi . 

.01 

85 

90 

76 

.85± 13 

230±15 

7 1 

3 5±.16 

Pierce 

Water 


52 

40 

21 

.39± 07 

71db8 4 

6 4 

2 3± 09 


MnS04 

.001 

100 i 

90 

90 

86d= 11 

204^16 

6 8 

3 l=b 17 


K3FerCN)6 

.001 

100 

87 

87 

72=b.l0 

185d:10 2 

7 7 

2 B± 18 


Na2()j 

.01 

75 

66 

50 

65db 08 

155d=13 

5 7 

3 0± 22 


KMn04 . . 

01 

65 

50 

33 

.54d:.08 

142±8 

6 2 

2.9=fc 15 

41B . .. 

Water 



30 

10 

3 

87i 07 

47dbl0 2 

2 7 

2 0± 19 


MnS04 

.001 

95 

85 

80 

1 09±.10 

218d=33 

5 6 

3.3d=.21 


K,Fe(CN)6 . 

.001 

90 

89 

80 

.97±.ll ! 

192±15 

6 4 

B.Zzk 19 


NaaO, 

.01 

75 

70 

52 

.93=1: 13 

196±17 

5 7 

3 l± 13 


KMn04 . 

.01 

65 

72 

47 

.86ih 07 

144d=16 

4 8 

2 8± 17 


The data of table 10 show very marked increases in both the 
number and the vigor of the rooting produced in the treated lots as 
compared to the checks. Here again there was little difference in the 
results obtained for the different compounds, except that the results 
with KMn 04 were somewhat less marked than those for the other three 
reagents. 

The matter of greatest importance in the possible application of 
these treatments to practice, however, is the increase in the number of 
vigorous rootings produced by each 100 cuttings planted. It has been 
shown by Bioletti(l) that the strongest 25 per cent of 630 Muscat 
rootings produced 50 per cent more crop at the first vintage than the 
weakest 25 per cent of these rootings. He believes that the advantage 
of the strongest rootings was in reaching nearly full bearing the third 
season instead of the fourth as with the weaker rootings. 
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The increases over the check in Champini in the number of 
vigorous rootings were 186, 171, 186, and 117 per cent, respectively, 
for the MnS04, K3Fe(CN)o, and NaaO^, and KMn04. In 41B and 
Pierce, the increases for the treatments used were even greater. 

The increases in circumference of the cuttings treated with MnS04, 
K3Pe(CN)3, NagOo, and KMn04 exceeded those of the check in 
Champini by 109, 158, 83, and 68 per cent, and in Pierce by 112, 82, 
67, and 38 per cent, respectively. Similar increases were realized 
with 41B. 




Fig. 7. The influence of MnSo 4 and KaFeCCN)^ on tlie number and vigor 
of the roots produced by Champini cuttings at the end of -the growing season. 
a, K 3 -re(CN)c. h, Water, c, MnS 04 . 


The average total length of top growth to a rooting exceeded 
that of the check in Champini by 74, 123, 124, and 64 per cent; in 
Pierce by 187, 161, 118, and 100 per cent; and in 41B by 356, 308, 
317, and 206 per cent, respectively, for the treatments with MnS04, 
K3Fe(CN)e, Na^Oo, and KMn04. 

Similar increases were obtained in the number and average 
diameter of the roots. Although the check cuttings produced the 
smallest number of roots in all but two instances, these roots in no 
case had as great an average diameter as the roots of the treated lots. 

The greater vigor and possibly the greater number of rootings 
produced are not the result only of a stimulated growth in the com- 
mencement of root formation, but also of a more rapid vegetative 
growth, which is apparent throughout the development in the nursery. 
This greater vigor of growth during early summer in the nursery is 
shown by figures 8 and 9. Figure 8 shows the relative development 
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of the cuttings shown in figure 6 five weeks after planting. The 
differences in top growth were equal to, if not greater than, the differ- 
ences in callus formation as illustrated in the former figure. Figure 9 
shows the top development of 41B cuttings eight weeks after plant- 




Fig. 8. Showing the influence of treatment with MnS 04 and K 3 Fe(CN)„ on 
the rate of growth of 41B cuttings in the nursery during early summer. Five 
weeks after planting, a, MnS 04 . h, Water, e, KaFeCCN)#. 



Fig. 9. The influence of treatment with MnS 04 and KMn 04 on the rate of 
growth of 41B cuttings in the nursery during early summer. Eight weeks after 
planting, a, MnS 04 . b, Water, c, KMnO*. 

ing. Here again the more rapid development, in the nursery, of the 
treated cuttings is pronounced. 

The development of the cuttings of 41B shown in figures 6 and 8 
at the end of the growing season is illustrated by the roots shown in 
figure 10. As this figure indicates, the more rapid development of 
the treated cuttings appears to continue throughout the growing 
season. 
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An Apparent Difference in the Stimulating Action of Different 
Oxidizing Reagents, — During some of the tests in continuous treat- 
ments, cuttings were immersed as much as four inches in the solutions 
of the reagents. It was observed that under these conditions the 
stimulation of root growth at the base of the cuttings by the reagents 
whose formulae show oxygen was greater than that by those whose 
formulae do not. 


TABLE 11 

The Stimulation of Boot Growth by Oxidizing Beagents in 'the 

pRESENGE OF AtR 


Reagent 

Mol. cone. 

Average number 
of rootB per 
cutting 

Average total 
length of roots 
per cutting, 
centimeters 

MnS04 

.001 

3.0 

43 

H 2 O 2 

.01 

2.5 

33 

FeCb 

.01 

2.5 

47 

K3Fe(CN)fi 

.01 

3.0 

37 


TABLE 12 

The Effect of Immer.sion on the Stimulation of Root Formation by 
Oxidizing Beagents 


Reagent 

Percentage of 
cuttings with 
roots at base 

Percentage of 
cuttings with 
roots at surface 
of tbe liquid 

Percentage of roots 
formed at base of 
the cutting 

Check (water) 

10 

100 

5 

MnS 04 .0001 f>er cent 

90 

30 

95 

H 2 O 2 . 0001 per cent 

80 

0 

100 

K3Fe(CN)6 .0015 per cent 

50 

80 

25 

FeCb . 001 per cent 

20 

80 

10 

1 


In the presence of air, the oxidation of the tissue of the cuttings 
appears to be independent of the presence or lack of oxygen in the 
formulae of the reagents. For instance, when cuttings were treated 
and then callused or rooted in sand, KsFeCCN)^ and FeCl., stimulated 
root growth as much as MnS 04 HoOo. This is illustrated by the 
number and vigor of the roots produced as indicated in table 11. 

On the other hand, when cuttings were rooted in the absence of 
air, as in water or in the solutions of a reagent, a considerable differ- 
ence in the stimulation of the root growth became apparent between 
the reagents whose formulae show oxygen as compared to those 
whose formulae do not. This difference is indicated by the photo- 



Jan., 1927] Wvrikler: Factors Influencing the Rooting of Vine Cuttings 


347 



Fig. 10. The influence of treatment with MnS 04 and K 3 Fe(CN)« on the 
development of roots on 41B cuttings at the end of the growing season, 
tf, MnSO*. h, Water, c, K,Fc(CN)c. 
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Fig. 11. The influence of the presence or lack of oxygen in the formulae of 
the reagents on the position of root formation on Pierce cuttings when rooted 
in the solutions of the reagents. Cuttings immersed one and one-half inches 
into the solutions, a, Water. K,Fe(CN)«. c, MnS 04 . 
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graphs of figure 11 and the data of table 12, which were obtained by 
immersing Pierce cuttings one and a half inches in water and solutions 
of the reagents, and by holding them at 30° C until roots developed. 
The solutions were changed every 48 hours. 

The data of table 12 indicate that the stimulation of growth by the 
reagents not showing oxygen in their formulae is greatly retarded by 
the absence of air. In the case of the reagents carrying oxygen, 
however, there is a very decided stimulation in root growth even in 
the absence of air. As indicated by Rosa (3) there seems to be a 
specific effect of the oxygen, aside from the liberation of positive 
charges through the reduction of a salt or ion absorbed by the tissues 
of the cutting. That is, the reagents showing oxygen in their formulae 
seem to be capable of a certain amount of oxygenation of the tissues 
in addition to oxidation in the strict meaning of the term. 

SUMMARY 

1. Selection by means of the iodine-starch test has resulted in a 
marked increase in the percentage of cuttings that root. The number 
of rootings of the cuttings showing a relatively high starch content 
was 264 per cent of that of the cuttings low in starch. 

2. Chemical analyses indicate that the iodine-starch test gives a 
relatively accurate indication of the starch stored in the cuttings. 

3. Early planting resulted in an increase in the pumber and vigor 
of vine rootings. The early planting appears to improve the develop- 
ment of the cuttings through its effect on the time of beginning of 
root formation. 

4. The greatest stimulation of root development by the oxidizing 
reagents with a 24-hour treatment was obtained with the following 
range of concentrations: .001 to .0001 mol. MnS04, Mm (804)3, 
K3Pe(CN)fl, and iodine; .01 to .001 mol. MnO^, PeClg, and Na^Oa, 
and .1 to .05 mol. li.fio »nd KMn04. 

5. The time required for treatment, within certain limits, is a 
function of the concentration of the solutions of the reagents. 

6. Oxidizing reagents hastened both callus and root formation. 

7. Oxidizing reagents improved the rooting of cuttings that root 
with difficulty. 

8. The number of vigorous rootings of Champini was increased 
186, 171, 186, and 117 per cent, respectively, by treatment with 
MnS04, K3Pe(CN)o, NagOg, and KMn04. In 41B the increases were 
even greater. 
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9. Treatment with oxidizing reagents resulted in marked increases 
in the relative circumference of the cuttings and the average total 
length of top growth at the end of the first season in the nursery. 

10. The development of the treated cuttings appears to be more 
vigorous than that of the untreated throughout the growing season 
in the nursery. 

11. There appears to be a greater stimulation of root .growth at the 
base of cuttings by the reagents whose formulae show oxygen than by 
those whose formulae do not, when the cuttings are rooted in the 
solutions of the reagents. 
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INTRODUCTION 

The general purpose of this investigation was a study of petroleum 
oils in relation to their availability as insecticides for use on citrus 
trees. This involved s(dection, first on the basis of tree tolerance, 
and secondly on the basis of insecticidal value. The data thus far 
obtained and the conclusions derived therefrom are believed to be 
of sufficient importance to justify this preliminary report. Investi- 
gations along the more promising lines opened up by the study are 
still in progress. 

While the several phases of this inve.stigation were conducted 
cooperatively and with free consultation between the authors, portions 
of the work were of necessity carried out semi-independently. Thus 
the selection of oils by foliage testing and the development of the 
chemical aspect of the paper have been largely the work of deOng 
at Berkeley and in southern California, while the insecticidal tests 
proper, together with their accompanying developments, were prin- 
cipally the joint work of Knight and Chamberlin at Riverside. The 
authors are indebted to II. J. Quayle for valuable suggestions and 
criticisms. 

The study of petroleum-oil distillates in relation to their insecticidal 
effects was originally begun at the California Agricultural Experiment 

1 Paper No. 151, University of California, Graduate School of Tropical Agri- 
culture and Citrus lixperiment Station, Riverside, California. 

2 Assistant Entomologist in Experiment Station. 

8 Assistant in Entomology, Citrus Experiment Station, resigned, 

* Assistant in Entomology, Citrus Experiment Station, resigned. 
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Station in 1914 but was later discontinued until 1924 because of lack 
of facilities. At that time a cooperative project was undertaken 
between the University of California Agricultural Experiment Station 
and the Standard Oil Company of California. Under this cooperative 
plan, the Standard Oil Company contributed the services of their 
oil chemists and the use of their laboratories in i)reparing oil samples 
for both laboratory and field tests. The Experiment Station was 
responsible for testing the various oils with reference to insect kill 
and plant tolerance. 

A special advantage that has been realized from thus cooperating 
with a large commercial company lies in the fact that the distillates 
and oils were obtained from crude oils pooled from a large number 
of wells. Hence the samples tested may be safely considered repre- 
sentative of supplies which might be secured from any large oil 
company of California. This overcomes one of the principal diffi- 
culties in the study of petroleum oils, viz., that the oils used were 
not necessarily typical of supplies generally available. 


HISTORY OF OIL SPRAYS IN RELATION TO CITRUS TREES 

The use of petroleum-oil sprays as insecticides on citrus trees began 
about 1881 when kerosene emulsions first came into use. This type 
of oil has been found safe to use on citrus trees but does not control 
• the more resistant scale insects and mealybugs. In an attempt to find 
a cheaper and more toxic oil, use was made of the so-called “stove 
distillates,’’ these being unrefined distillates of 26° to 32° A.P.I.® 

Severe injury to the fruit as well as to the foliage was frequently 
caused by these materials when emulsified with soap, as was ordinarily 
done, and when used in the form of a meclianical mixture of oil and 
water. Such mechanical mixtures of oil and water are, as their name 
implies, formed by violent agitation in the spray tank without the 
use of emulsifying agents. This type of “emulsion” separates almost 
instantaneously and it was found in practice that pure oil would 
occasionally be applied to parts of a tree with severe injury resulting. 
For some years, therefore, the spraying of citrus trees for the control 
of insects was of doubtful value. The perfection of fumigation with 
hydrocyanic acid gas also tended to discourage the use of other scale- 
cides. The high cost of fumigation has, however, from its inception 
led to sporadic attempts to find an effective substitute. 

6A.P.I. — American Petroleum Institute. 
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The factor whicli has probably done most to stimulate recent inves- 
tigations of sprays has been the development of IICN-resistant strains 
of both the red and the black scale insects, as shown by Quayle.(l) 
These resistant strains show a distinct tolerance to dosages of hydro- 
cyanic acid gas which in earlier fumigation practice were found to be 
fatal. Thus the scale kill by fumigation in the areas of resistance has 
dropped from over 99 per cent to as low as 85-95 per cent, so that the 
control of 85-96 per cent now commonly attained by spraying is 
hopeful, although below the standard of successful fumigation. 

Gray (2) in 1915 noted the important relation existing between the 
refining of petroleum oil by the use of sulfuric acid and plant tolerance 
as discussed further on in this paper.®^ The cost of highly refined 
white oils, however, prevented their effective utilization in the stable 
emulsions of high oil content. The development of a successful quick- 
breaking emulsion, as shown later, affords an effective means of over- 
coming this objection by reducing the necessary concentration of oil, 
and by permitting its more complete utilization. 


COMPOSITION OF PETROLEUM OILS AND THEIR 
INJURY TO PLANTS 

Nature of Injury to Trees hy Petroleum Oils. — ^^^olck(3) has showm 
that injury is most pronounced when the application of oil is made 
to the under side of the orange leaf where all the stomata of this 
plant are situated. This is owing to the fact that oil penetration into 
a leaf is much facilitated by any sort of opening, abrasion, or pore. 
According to the w^ork of Magness and Burroughs (4) an oil film on 
the surface of stored apples may have a distinct effect on the gaseous 
(exchange. The evolution of carbon dioxide from Winesap apples held 
at 65"" P was reduced only 12 per cent by a coating of Oronite Crystal 
or other petroleum oil, but analyses of the air in the intercellular 
spaces show^ed a composition of 2.6 per cent oxygen and 25.3 per 
cent carbon dioxide, while check apples had 5.7 per cent oxygen and 
18.3 per cent carbon dioxide. Burroughs (5) has noted a reduction in 
the amount of starch produced in apple leaves that seem to have 
been arrested in their growth by the application of an oil spray. 

Gray and deOng(2) found a correlation between the specific 
gravity of the oil and resulting foliage injury. This correlation 

A commercial emulsion of highly refined petroleum oil was being made by 
W. H. Volck when this later investigation by the California Experiment Station 
was begun in 1924. 



354 


Rilgardia 


[Vol. 2, No. 9 


applies only in a comparison of kerosenes with the heavier or lubri- 
cating oils. The former have a much lower boiling point and volatilize 
before penetration occurs ; or even if penetration does take place, the 
oil may still volatilize before injury results. Injury may be possible, 
however, with certain fractions of a still lower boiling point than 
kerosene, especially if they contain a high percentage of unsaturated 
hydrocarbons. A study of lubricating oils having a much higher 
range of boiling points than kerosenes shows that their effect on 
plants and insects is more nearly related to viscosity than to specific 
gravity. 

Injury to the foliage of citrus trees from petroleum oils is of two 
distinct types, acute and chronic. The former is caused by light 
(low-boiling-point) oils, the latter by heavy (high-boiling-point) oils. 
In the acute type of injury two distinct phases are noticeable. First, 
the leaf tissue may be killed within 48 hours after the application; 
and secondly, this may be followed by the leaves dropping after three 
or four days, although such leaves do not lose their color to any 
marked degree. Injury to the fruit or wood seldom occurs except 
with oils having a high percentage of unsaturated hydrocarbons, such 
as is commonly found in untreated oils, or those slightly refined. 
Contact of these oils with the roots may cause the death of the tree 
within a relatively short time. 

Chronic injury is associated in varying degrees with oils of a 
high boiling point, which leave an oil film on the leaf and twig surface 
for a period of days or weeks. The foliage .becomes yellow and 
defoliation begins within a few days and may last for weeks. The 
twigs and even the larger limbs are stunted or killed as shown in 
figure 1. The orange tree in the figure was photographed one year 
after a portion of it had been sprayed with lubricating distillate, 
untreated with sulfuric acid. 

The damage occurred only on the sprayed portion. The normal 
growth in the background, which shows no sign of injury, was 
unsprayed. Stunted twigs often put out a few small, weak leaves, 
and frequently the tree sprouts freely just below the injured parts. 

Fully mature leaves, especially if senile, are more susceptible to 
injury from neutral oils than younger ones which are still in the 
growing stage. On the other hand, very young leaves are much 
more susceptible to injury from unrefined oils than the mature, but 
not senile, leaves, although this varies a great deal according to the 
degree of refinement of the oil used. 

Commercial Befining of Oils as a Means of Reducing Injury to 
Plants . — Petroleum distillates are not usually in a marketable condi- 
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tion without chemical treatment to remove such ingredients as sulfur, 
resinous matter and the unsaturated and aromatic hydrocarbons. The 
common refinery practice is to treat the raw distillates, resulting from 
the heating of crude oil, with sulfuric acid. The quantity of acid 



Fifir. 1. Orange tree showing dead wood where the tree was spraj'od with uurefinecl 

oil distillate. 

required and the length of time during which treatment is con- 
tinued depend on the grade of product desired and on the purity of 
the distillate used. 

After treatment with acid, the oils are washed with a solution of 
caustic soda in order to remove the unchanged petroleum acids and 
phenols and to neutralize and remove the sulfo-acids and the sulfuric 
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acid remaining in the oil. The expense of refining operations is high, 
especially for the highly refined white oils, since the acid sludge 
resulting from the treatment is largely a waste product. In addition 
to the cost of the acid there is the loss of distillate which may amount 
to more than 50 per cent of the original volume treated. 

In order to avoid the losses resulting from the chemical treatment, 
it is advisable to substitute a method of extraction more nearly of a 
physical type. This has been accomplished by Edoleanu (6) who found 
that if petroleum oil was treated with liquid sulfur dioxide the olefins 
are dissolved but the saturated hydrocarbons remain unaffected. 
Experimental work is now in progress with oils refined by this method 
in the hope that a satisfactory degree of refinement may be obtained 
at a lower cost than is possible from the sulfuric acid treatment. 

Tests of Petroleum OUs in Relation to Plant Ijijury . — Differences 
in the insecticidal effects of, and plant tolerance for, various petroleum 
distillates have long been recognized, but until recently the only 
specifications commonly used for distinguishing between them, were 
specific gravity and, perhaps, the flash point. We now know that 
these are inadequate criteria. The boiling point of different kerosenes, 
for example, has been shown by Moore (7) to be important in dis- 
tinguishing between the toxicity of petroleum fractions as it relates 
both to insects and to plants. 

Since some progress has been made in determining the relation 
between the unsaturated hydrocarbon content of oils and their toxicity 
to plants, our first attempt at selection was based on the degree of 
refinement, the assumption being that the oil fractions containing 
the least amount of sulfonatable oil Avould be the safest. 

A series of lubricating and kerosene oils was obtained from the 
Standard Oil Company. These ranged from the raw untreated 
distillate resulting from the distillation of crude oil, up through the 
different degrees of refinement effected by the use of acid and filtra- 
tion. Their physical and chemical specifications are shown in table 1. 

These oils, with the exception of the one finally selected for study, 
are referred to by number throughout this paper, instead of by their 
trade names. Oils 1 to 6, inclusive (tables 1 and 2), are lubricating 
oils, oil 1 being the raw distillate, and oil 5 the end of the refined 
series as based on the sulfonation test. Oil 5 (Oronite Crystal) is a 
very bland and ‘^neutral’’ oil; it is colorless, odorless and tasteless. 
Oils la to 4a are kerosenes arranged in the same way, oil la being 
the raw distillate and 4a the highly refined end product. The sulfona- 
tion test (table 2) shows the amount of unsaturated hydrocarbons 
present in the various samples. These oils were emulsified with 
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TABLE 1 

pROPKRTiEs« OP Oils Tested 


No. 

Gravity*’ 
(degrees 
A. P. I.) 

Flash 

point® 

° F 

Fire 

point 

®F 

Viscosity** 
in seconds 
at 100® F 

Color 

Sulfur 

(per 

cent) 

Unsul- 
fonated 
residue 
of oil 

Acidity 
in mg. of 
KOH per 
gm. of oil 

1 

19.2 

305 


105 


.7 

51 

1.5 

2 

21.3 

310 

350 

99 


.65 

52 

1.0 

3 

22.5 

310 

350 

96 

6® 

.6 

56 

.6 

4 

22.7 

320 

360 

107 

2.5- 

.6 

60 

.4 

4x 

22.7 

320 

360 

100-110 

1.5 

.6 

62 

.03 

51* 

29.8 

320 

360 

106 

+25* 

.006 

98 

.0 

5x** 

28-31 

280 -h 

i 

70 80 

+25* 1 

.015 

98 

.0 

6 


360-f 


330-340 

3. 

.6 

58 

.2 


Kekosenes 


la 

35.9 

124CT« 

i 

1 

375 




81 

2a 

41 

83CT 

125 

320 

+25' 

.016 

82 

3a 

41.3 

113CT 

133 

345 

+25' 

.010 

93 

4a 

43.3 

143CT 

ITS 

400 

+25' 

.006 

98 


* The pour point on all oils U8C<1 was below' *ero Fahrenheit. 

^The A.P.I. gravity table is so similar to the Baum/^ gravity table that for all practical purposes 
they may be considercii identical for lubricating oils. 

® Cleveland open cup. 

** Viscosity of lubricating oils determined by the Saybolt Universal viscosimeter. Viscosity of 
kerosene fractions measured by the Saybolt “Thermoviscosimeter,” which bears no relation to the 
iubricating-oil viscosimeter. 

*A.S.T.M. standards. 

^ A.S.T.M. standard for kerosene by Saybolt colorimeter; the color number + 25 is an arbitrary 
value given to the most highly refined kerosenes. 

* Closed Tagliabue Tester. 

** No. 5 is Oronite Crystal oil. No. 5x, Oronite Cosmetic oil, trade names used by the Standard Oil 
Company of California to designate oils of the above specifications. Other numbers used in the table 
also refer to commercial brands of oil as sold by the Standard Oil Company. Note the gravity of Oronite 
Crystal oil (No. 5). This increase (from about 22.5® A.P I. to 29.8®) is the result of the excessive treat- 
ment with acid. It follows that gravity alone is no criterion since this property of finished white oil 
is practically identical W'ith that of some raw distillates such as gas oil, though obviously viscosity and 
flash (and molecular weight) are much higher. As a general rule the saturated hydrocarbons are much 
lighter in gravity than either olefins or aromatics, c.g., heptane (N), gravity 75" and toluene, gravity 
32® A.P.I. 


sodium oleate and applied to the trees with a hand sprayer at an 
oil concentration of 6 per cent. Field tests on orange and lemon 
trees were made during the season of 1924 at Riverside, California, 
where the typical high temperatures and low humidities of southern 
interior California occur; at Lindsay as typical of the upper San 
Joaquin Valley; and also at Santa Paula, which has the lower tem- 
perature characteristic of coastal conditions. The maximum tem- 
perature at the last point usually ranges 10° to IS"* P lower than at 
Riverside. The latter experiments were made possible by the coopera- 
tion of Mr. C. T. Dodds of the Santa Paula Citrus Fruit Association. 
The results are clearly brought out in table 2. 
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On the basis of these experiments it was possible to eliminate all 
those lubricating oils which did not show a high degree of refinement. 
The data in table 2 show that the first four oils used were dangerous 
to fruit and foliage an^ even to the tree itself. As expected, the degree 
of injury corresponded very closely to the amount of sulfonatable oil 
present. Filtration through Fuller's earth seemed to have no effect 
whatever in reducing injury. For example, oil 4x is a filtered oil of 
the type of oil 4 and, although variation in the degree of injury 
resulting from the use of these two oils is sometimes seen, a com- 
parison of the effects produced in all field work thus far shows that 
no distinction can be drawn between them. Oils 5 and 5x are very 
similar from the sulfonation standpoint, but the latter is less viscous 
and has a lower boiling point. It ^'evaporates" or rather disappears 
from the foliage more quickly than the former and for that reason 
is possibly the safer. This disappearance of an oil film from foliage 
is not a simple phenomenon. It seems probable that it is due primarily 
to absorption followed by oxidation rather than to simple volatility. 
This point requires much further investigation before any safe gener- 
alization can be drawn. Oil 6 has a high viscosity and boiling point 
and is not very highly refined, and thus caused serious injury, 
especially at high temperatures. 

These data show that only the most highly refined lubricating oils 
(such as 5 and 5x) are safe enough to justify experimentation on 
citrus trees at summer temperatures. 

Under summer conditions at Riverside, the leaf drop may begin 
from a week to ten days after spraying. Under coastal conditions 
(i.e., at Santa Paula) it may be delayed six weeks or more. Under 
winter temperatures with maxima of 50° to 70° F, oils of lower 
refinement and higher boiling point are safe to use. As a result of 
these tests our succeeding work involved primarily a close study of 
oil 5, known commercially as Oronite Crystal oil. 

The kerosene type of oil shows a reaction similar to the lubricating 
oil, in that the raw distillate la was more injurious than any of the 
three oils 2a to 4a, having various degrees of refinement. It will be 
noticed that 2a is less injurious than 3a, probably owing to its greater 
volatility. These kerosenes are all very much safer to use tlmn the 
lubricating oils, but on account of their low boiling point they evapo- 
rate relatively quickly and hence are not satisfactory scalecides except 
possibly for the very youngest stages of scale insects. 

In general, these tests indicate that a petroleum lubricating oil, 
to be safely used on citrus foliage in summer, must be of a very 
high degree of refinement and neutrality. The "white" lubricating 
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oils such as Oronite Crystal and Oronite Cosmetic most nearly meet 
this requirement. It is also evident that most kerosenes are safe under 
ordinary conditions but these oils must be eliminated because their 
volatility limits their insecticidal value. Th^eir lack of injury to 
foliage is also in large part to be ascribed to their volatility. 


PHYSIOLOGICAL EFFECT OF NEUTRAL WHITE OILS ON 

CITRUS TREES 

While the neutral white oils such as Oronite Crystal have been 
spoken of as non-toxic, nevertheless, their presence upon a citrus tree 
sometimes induces certain characteristic effects which are more or less 
deleterious. These effects have not been studied enough to be at all 
adequately understood, and hence the following statement is mainly 
descriptive. 

The most characteristic effect is a more or less heavy leaf drop, 
principally of senile or semi-senile leaves. For the most part this 
seems to be an acceleration of a normal process. It occurs on both 
oranges and lemons. 

The next most characteristic effect consists of fruit injury,^’ 
particularly to lemons. The most common effect is the dropping of 
tree-ripe fruits, which is analogous to the dropping of senile leaves. 
A second and more important kind of fruit injury is a more or less 
marked delay in the coloring of green lemons subjected to the 
ethylene gas treatment. In some instances this delay is almost or 
quite permanent. This has not yet been satisfactorily explained, but 
it is apparently correlated with a morphological change in the oil cells 
in the rind of the fruit. The effect seems to consist in a withdrawal 
of the essential oil contained in the oil cells and may be due to its 
extraction by the spray oil. As shown by Fawcett (8) in 1916 the 
application of its own essential oil to the rind of a growing lemon 
inhibits or entirely prevents normal coloration. 

In certain coastal areas, notably in Orange County, it is now well 
known that a drop of green Valencia oranges may follow application 
of the Oronite Crystal oil, particularly during humid weather con- 
ditions. Furthermore, ripening may be considerably retarded. 

Various other pathological phenomena are continually being 
ascribed to the use of this oil on citrus trees, in addition to the well 
established ones given above. These include claims of such effects 
as reduction in set of fruit, actual twig, leaf, and fruit burn, dropping 
of newly set fruit (analogous to ordinary heat-induced ‘‘June drop'') 
and so on, but the data available at present are too contradictory to be 
evaluated without further study. 



Jan., 1927] 


deOng^ et ah: Petroleum Oil as an Insectioidc 


361 


THEORY OP OIL EMULSIONS 

Petroleum oil is an insecticide of great value, but on account of 
its inherent danger to the plant, when used in effective amounts, it 
has been found necessary to dilute it with a material which acts as a 
carrier. Water lends itself readily to this purpose, but since these 
two liquids are immiscible it is necessary to employ some chemical or 
mechanical means of dispersing the oil in droplets uniformly through- 
out the water. 

There are two types of oil emulsions. In the fir.st, the ‘‘oil-in- 
water’’ type, the oil is dispersed as small globules throughout the 
water. In the second, the “water-in-oil” type, the reverse .system 
is found. The prevailing type of oil emulsion used in insecticidal 
work is of the first or “oil-in-water” type, the invert form having 
been studied only very recently. 

The nature of the emulsion, whether of the ordinary or invert 
type, is determined by the kind of emulsifier as has been shown by 
Tinkle, Draper, and Hildebrand (9) and Bhatnagar(lO). Soaps of 
monovalent cations form the typical oil-in-water emulsion, while soaps 
of divalent cations, such as calcium oleate, make the invert form of 
emulsion with oil as the external phase. 

Parsons and Wilson (11) have shown the possibility of inversion 
of an emulsion by mixing solutions of sodium oleate in water with 
magnesium oleate in oil. The addition of di- and trivalent salts such 
as magne.sium sulfate and ferric chloride inverted the oil-in-water 
emulsion, for instance. Our own experiments with calcium casein 
mixture® as the emulsifier have also shown the possibility of changing 
the type of emulsion by varying the proportions of oil to emulsifier. 

Theoretically an emulsion with oil as the external phase would be 
more effective than one with water as the external phase, since then 
the active insecticide would come immediately into direct contact with 
the insect. Since, however, such emulsions cannot be diluted with 
water and are usually of such a tough, gummy nature that they 
cannot be broken up readily, they do not lend themselves to orchard 
practice. 

Quick-Breaking Oil Emulsions , — The disadvantages of the oil- 
in-water emulsion have been overcome to a large extent by the 

« The commercial mixture of powdered casein and hydrated lime used as an 
emulsifier is, in solution form, commonly spoken of as * ^ calcium caseinate. ’ ’ This 
term will be used henceforth in this paper. The proportions of casein and lime 
are approximately 1 to 4. 
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development of a ‘‘quick-breaking’’ type of emulsion, which allows 
the water to separate out immediately on contact and run off, leaving 
a film of pure oil on the leaf surface. This brings the active insecticide, 
oil, instead of water or a hydrated colloidal solution, into direct 
contact with the insect. Neither water nor a hydrated colloidal 
solution has any practical insecticidal value. The “quick-breaking” 
emulsion thus increases the insecticidal action to such an extent that 
the almost prohibitive cost for an effective stable emulsion made from 
such highly refined lubricating oils as Oronite Crystal, is reduced to 
a point where these oils are economically practicable for orchard 
spraying. 

The type of oil emulsion generally used in insecticidal work is 
that in which the oil is broken up into the smallest possible globules 
and distributed uniformly throughout the water. When this is accom- 
plished, and the oil remains thus dispersed for an indefinite period of 
time without separation, the resulting mixture is known as a “ stable ’ ’ 
emulsion. If there is a tendency in the course of a short period of 
time for the oil to separate from the mixture, the emulsion is known 
as “unstable.” Within certain limits this instability varies inversely 
as the percentage of the emulsifying agent. 

In practice it appears that the strength of the interfacial mem- 
brane which separates the two phases of an emulsion varies a great 
deal, according to the emulsifier used. Some, such as are formed by 
“sodium-fatty-acid” soaps, are apparently very elastic and tough; 
others, such as are formed by typical colloids, as, for example, starch 
or colloidal copper, and also by calcium caseinate, are relatively very 
weak and easily disrupted. 

Ip accordance with the general principle that the stronger the 
interfacial membrane the more stable the emulsion, it follows that the 
emulsifying agent which produces the weakest possible interfacial 
membrane is the best from the insecticidal standpoint. On this basis 
casein is better than soap and a metallic colloid is better than casein. 

Some emulsifiers, such as lime or kaolin and other earths, are 
capable of absorbing considerable amounts of oil, as well as emulsi- 
fying them. This is particularly pronounced and important when 
the emulsifier or spreader is used in large quantities. All such absorbed 
oil is unavailable for liberation as a free liquid and constitutes, there- 
fore, a permanent loss — ^assuming, of course, that free oil is the effec- 
tive agent. Hence, from a theoretical standpoint, the use of the 
emulsifier which has the least possible oil-absorptive capacity is 
advisable (other things being equal). Colloidal copper is an almast 
ideal substance in all these respects, and much superior to typical 
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soaps, calcium caseinate, and lime. While we regard colloidal copper 
as a theoretically better emulsifier than calcium caseinate, the former 
in a pure state requires such care in its preparation and is so 
difficult to buy that it is impracticable for any but laboratory work. 
Calcium caseinate, however, is a widely distributed commercial prepa- 
ration, and hence was chosen as the emulsifier for our experimental 
work. 

In a stable emulsion of oil in water, the oil itself cannot come into 
contact with the object sprayed until separation of the two phases 
takes place, which in a highly stable emulsion may not occur except 
as the water disappears by evaporation. This obviously means a 
greater or lesser delay before the insecticidal (particularly wax- 
solvent) activities of the oil can begin. Secondly, it means a large 
loss of oil contained in the unavoidable ‘Mrip’’ or run-off’’ from 
the sprayed surface. Thirdly, it appears reasonable to suppose that 
the interfacial film of emulsifier will be deposited as a more or less 
definite layer of inert substance between the oil and the leaf or fruit 
surface in such a way as to delay, even where it is not sufficient to 
prevent, the insecticidal action of the oil. This type of action would 
be especially important with typical ‘^sodium -fatty-acid” soaps. 

Lime, by its absorptive capacity, tends to prevent the oil from 
coming into direct contact with the object sprayed, and hence serves 
as an inhibiting factor. If we assume, therefore, that pure oil is the 
effective agent, it follows that the more stable” the emulsion or the 
greater the absorptive capacity of the emulsifier the less value it 
possesses as an insecticide. This point was brought out early in 1925 
by deOng and Knight (12) in a preliminary note based upon this 
project. 

Most of the. emulsions now on the market use various “sodium- 
fatty-acid” soaps as the emulsifying agent. While soap itself, owing 
to its fatty-acid content, is a weak insecticide, and may be fairly 
effective against soft-bodied insects like aphis and young scale insects, 
it is almost certain that Avhen used as an emulsifier it is probably 
never in concentration sufficiently strong to be independently effective. 
This was demonstrated in our laboratory work when very strong 
solutions of many different soaps applied as sprays failed to affect 
a satisfactory kill of red scale, which is an armored species. 
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LABORATORY EXPERIMENTS WITH OIL EMULSIONS 

For the purpose of routine insecticidal tests in the laboratory, the 
red scale, Chrysomphalus aurantii (Maskell), of the strain which has 
developed a resistance to HCN fumigation under orchard conditions, 
was chosen. So far as known, this is the most diflBcult of all citrus 
scales to kill by spraying, and it was assumed that if a spray could 
be developed which would kill this species, it would be effective against 
any of the others. A spray which apparently fulfills this requirement 
has been developed. Prom data thus far obtained it seems to be 
equally effective against the black and purple scales. This spray, 
however, has not yet had wide enough testing in the field to justify 
recommendation by this station for general use. Furthermore^ as has 
been shown, certain peculiar effects are often produced upon the tree, 
which are not yet sufficiently well understood. For this spray a 
‘^neutral” white lubricating oil (Oronite Crystal oil, specific gravity 
88, viscosity 106) was taken as the insecticidal agent, calcium caseinate 
(see p. 361) being selected as the emulsifier. 

Lemons heavily infested with scale were used in the laboratory 
tests. Spraying was done by means of a small atomizer, and counts 
for determination of scale kill were made from ten days to two weeks 
after the application of the spray. The scale-infested lemons were 
hung in the laboratory during the interim. 

’ The inhibiting effect, previously noted, of excess emulsifier was 
particularly well shown in an experiment wherein the amount of oil 
was maintained constant at 2 per cent, while the emulsifier was pro- 
gressively reduced from 2 per cent to .0078 per cent (or from equal 
parts of oil and emulsifier to a ratio of 100 parts of oil to 0.39 parts 
of emulsifier). The killing efficiency was markedly accentuated as 
the amount of emulsifier was decreased. This is shown in table 3. 

The natural mortality on checks kept under the same conditions 
was 49.7 per cent, or practically the same as lot 2 in table 3. The 
mortality was somewhat higher in lot 1 because one of the lemons had 
dried out. Desiccation has of itself a marked effect on the mortality 
of scale insects. 

In the first three lots there were many live young present after 
treatment. Some were crawling about over the fruit while many 
others had just settled. Not until an oil film was formed over the 
surface of the fruit, was there any marked rise in the mortality. 
When this did occur the kill quickly rose to 100 per cent. It would 
seem, therefore, that the insecticidal agent is the free oil. 
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It is customary to use a spreader (generally calcium caseinate or 
glue) with many oil sprays for citrus trees. But a spreader is also 
an emulsifier, and tends furtlier to inhibit the action of the oil through 
increased stabilization of the emulsion. Also, as in the case of certain 
emulsifiers such as lime or calcium caseinate, a spreader may accen- 
tuate the loss of oil through its additional oil-absorptive capacity. 


TABLE 3 

Relation' op Scale Morta^lity to Concentration op Emulsifier in a Two- 
Per-Cent Emulsion op Oronite Crystal Oil 


No. 

Concentration 
of calcium 
caseinate 

I*er cent 

Scale 

surviving at 
eiul of test* 
Per cent 

Remarks 

1 

2 

32 3 

Many young alive. Oil absorbed by surplus 
oinulsifier. 

2 

i 

1 

49.5 

Many young alive. Oil absorbed by surplus 
emulsifier. 

3 

.5 

38 3 

Many young alive. Oil absorbed by surplus 
emulsifier. 

4 

.25 

7 5 

Sprayed surface slightly greasy. No young 
alive. 

5 

. 125t 

0 0 

Oil film just visible on sprayed surface. 

6 

.0625 

0.0 

Oil film distinct on sprayed surface. 

7 

.031 

0 0 

Well develoi)ed oil film present. 

8 

.015 

0.0 

Well developed oil film present. 

9 

.0078 

0 0 

Well develoixid oil film present. 


• The usual natural mortality, about 40 to 50 per cent, is necessarily included in the counts, 
t This corresponds to 1 pound of calcium ca.‘»einate to 100 gallons of .spray. 


Nothing in common use will spread better than oil. Hence in a 
quick -breaking emulsion a spreader is not needed. The spreading of 
any liquid is facilitated by reduction in its surface tension. To make 
oil spread better would therefore require the introduction of an oil- 
soluble constituent which would reduce the surface tension of the oil 
itself. Casein and all other such substances customarily used as 
spreaders are water-soluble, being practically insoluble in oil. Hence 
any spreading effect which results concerns the water alone and 
not the oil. This confusion has arisen from the mistalce of considering 
an oil emulsion as a ‘‘solution^’ instead of as a mixture of two inde- 
pendent liquids. 

The use of mechanical mixtures would evidently overcome this 
inhibiting effect of emulsifying agents. The method is not used 
because reliance cannot be placed upon the mechanical agitators at 
present in common use. But by very slightly emulsifying the oil, 
ordinary spray tank agitation is capable of overcoming the natural 
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buoyancy of the separated oil droplets and of maintaining a fairly 
uniform suspension of oil throughout the body of the liquid. The 
emulsifying agent is used in quantities just sufficient to separate 
the oil into relatively large droplets. The interfacial membrane is 
consequently weak and easily broken, thus liberating the enclosed 
oil. There is no danger that the stability of the system will be suffi- 
cient to withstand rupture upon impact with the leaf or fruit surface, 
and the maximum amount of oil is consequently freed and made 
available. On the other hand, the oil in the tank is maintained in 
the form of isolated droplets, there being no continuous sheet of oil 
to be broken up as would be the case with a mechanical mixture. 

It has been found by observation that the individual globules of 
oil in the type of emulsion just described vary from about 0.1 mm. 
to 2.5 mm. in diameter, the smaller sizes largely predominating. The 
presence of oil droplets of the size indicated makes possible a very 
quick liberation of oil from the emulsion stage, while separation is 
very much slower in the stable type of emulsion made of extremely 
minute droplets. If the drops were uniformly 1 mm. in diameter, then 
in a 2-per-cent emulsion, 1 cc. would contain about 40 of these globules. 
Now, if 1 cc. be sprayed on a flat surface at a distance of 3 feet with 
an ordinary atomizer it will cover a circular area about 15 inches in 
diameter and the oil droplets will strike at widely separated spots, 
resulting in a typical “shotgun pattern.^’ To form a film of oil over a 
given area, enough of the emulsion must be applied so that the droplets 
of oil will coalesce and form a film. In other words, the time spent 
while spraying becomes an important factor in application, for it is 
possible to increase the amount of oil on a surface by long or repeated 
sprayings. This factor varies with pressure, size of nozzle opening, 
and rate of discharge. 

It has been found in practice that a 2-per-cent emulsion works 
very well in the field. If less than 2 per cent of oil is used, complete 
coverage will not be obtained without the use of excessive time in 
spraying. If more than 2 per cent is used there may be an undue 
accumulation of oil on the tree. In these sprays, raising the percent- 
age of oil results merely in the liberation of more oil in the same 
period of time. . The chief need in sprays of this type is the formation 
of a film of oil over the entire surface of the plant and the insect. 

In the following test the emulsifier was varied from 5.0 to 0.0078 
per cent while the oil remained constant. The emulsion was sprayed 
on a glass surface, the “run-off'^ collected and a quantitative determi- 
nation of the oil present made. 

Thus, as shown in table 4, the quantity of oil in the “run-off'' 
from highly stable emulsions distii\ctly increased over that of the 
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original concentration, so that the recovered drip was actually richer 
in oil than the original spray. It is only with quick-breaking emul- 
sions that the oil percentage in the drip falls markedly below the 
original concentration. In the best of these, which corresponds to 
the one adopted for our general work, the drip even then contains 
0.34 per cent of oil or about one-sixth of the original amount. 



Fig. 2. Eelation between amount of emulsifier used and the concentration of oil 
in the run-off from two-per-cent emulsions. 

In experiments to obtain further evidence on the conditions of 
stability, emulsions were made as usual with Oronite Crystal oil. The 
standard emulsifier used was a mixture of powdered casein, selected 
for high solubility, and hydrated lime, the proportions being 1 to 4. 
Soap used in varying proportions as the emulsifier gave essentially 
similar results and hence these additional detailed data are not given. 

A brief study brought out the following points in this connection. 
A stable emulsion containing 2 grams of oil to 98 grams of water was 
produced, (1) when 0.4 to 0.6 per cent of the 1 to 4 mixture of casein 
and hydrated lime was used; (2) when casein, dissolved in an amount 
of sodium hydroxide giving a hydroxyl concentration equal to that of 
the hydrated lime used in (1), amounted to 0.1 per cent, which corre- 
sponds approximately to 0.4 per cent of the 4 to 1 calcium casein 
mixture; and (3) when hydrated lime without casein was present in 
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TABLE 4 

Amount op Oil in Run-off from a Two-PertCent Emulsion Made with 
Varying Amounts of Emulsifier 


Formula 

number 

Calcium casein 
mixtine 

Per cent 

Ratio of emulsifier 
to oil 

Per cent 

Ratio of concentra- 
tion of oil in run-off 
to concentration 
in emulsion 

Per cent 

Oil in run-off 

Per cent 

1 

5.0000 

250.00 

125.0 

2.50 

2 

4.0000 

200.00 

120.0 

2.45 

3 

3.0000 

150.00 

120.0 

2.40 

4 

2.0000 

100.00 

122.0 

2.44 

5 

1.0000 

50.00 

112.0 

2.30 

6 

0.5000 

25.00 

106.0 

2.20 

7 

0.2500 

12.50 

92.0 

1.82 

8 

0.2000 

10.00 

86.0 

1.70 

9 

0.1000 

5.00 

63.0 

1.32 

10 

0.0500 

2.50 

63.0 

1.24 

11 

0.0310 

1.50 

31.0 

0.6i 

12 

0.0078 

0.39 

17.0 

0.34 


the proportion of 0.6 to 0.8 per cent. The casein was found to be 
the more active emulsifying a{?ent but the lime increased the general 
resulting stability. The principal value of the lime is in forming 
an alkaline solution, since casein dissolves in an acid or alkaline 
medium but not in a neutral one. A slight excess of lime also aids 
in neutralizing some of the soluble salts found in water which might 
hinder emulsification. Ordinary soap is now seldom used in spray 
practice for making emulsions, because the sodium base reacts with 
the calcium and magnesium salts in solution in many waters, forming 
insoluble soaps such as calcium oleate, thus causing the emulsion to 
break prematurely. 

It was found, as the result of laboratory spray tests, that Oronite 
Crystal oil could be used effectively in emulsions of the quick-breaking 
type at two-per-cent concentration. 

The following formula was finally developed as a standard for 
both laboratory and field use. The percentage values are obviously 
only approximate: 

Oronite Crystal oil 2 per cent (2 gallons) 

Calcium caseinate 0.0078 per cent (28.3 grams or 1 ounce, 
approximately) * 

Water 98 per cent (98 gallons) 


* As a result of field experience during the two years since this manuscript was 
originally prepared for publication it has been found that owing to the very 
'general inefficiency of the average spray tank agitator, it is best and safest to use 
two to three times this quantity of emulsifier. This is not sufficient to noticeably 
> affect insecticidal results, at least in the fi^d. 
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In this formula the calcium caseinate is present in the proportion 
of 1 part to 200 parts of oil. In the laboratory the calcium caseinate 
is first dissolved in the water, then the oil is added and the whole 
violently shaken in order to produce emulsification. In the field a 
slightly different procedure is necessary. The calcium caseinate is 
first completely dissolved in about a quart of water. It is then added 
to from twenty-five to fifty gallons of water in the spray tank. The 
oil is next added and the agitator is started at the same time. The 
tank is then filled with water while the agitator is running. The 
emulsion is then ready to apply. 

There is one point peculiar to this type of spray which is of con- 
siderable practical importance. The oil droplets are large and highly 
buoyant, and therefore quickly float to the surface of the water and 
form a definite layer or sheet of oil, which is, however, still emulsified. 
Vigorous agitation is, therefore, required to keep the spray of uniform 
consistency throughout. Only spray rigs which possess the most 
eflScient type of agitator should be used to apply oil emulsions as 
quick-breaking as the one described above. 

This spray has given 100 per cent kill of resistant red scale in the 
laboratory^ where every scale insect was actually treated. In the field, 
owing to the impossibility of complete coverage and the possible effects 
of other factors this efficiency has never been attained. 


FIELD TESTS OF A QUICK-BREAKING EMULSION 

The quick-breaking Oronite Crystal oil emulsion previously 
described has been tested in the field. The formula found most satis- 
tory in the laboratory tests was used. As previously indicated, the 
resulting kills have never been as efficient ( as might be expected) as 
those attained in the laboratory work. The results are shown in 
table 5. 

These kills resulted from very careful application. The percentage 
surviving from average commercial spraying with the same material 
would no doubt often be above these figures. The results given are 
based on counts made on the fruit. Less satisfactory results occur on 
the twigs, possibly because of their greater oil-absorptive capacity, thus 
resulting in a less permanent oil film. 

The criterion of effective application is complete coverage resulting 
in the presence of a visible film of oil over the entire surface of the 
plant, after the water carrier has evaporated. 
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TABLE 5 

Mortauty op Red Scale in Field Tests op a Quick-Breaking Two^Per-Cent 
Emulsion op Oronite Crystal Oil 


Place Per cent of ecalef surviving on fruit at end of test 

Riverside, Calif 5.05 and 2.94 (2 plots) 

Whittier, Calif.* 7.95 

La Habra, Calif.* 2.96 

Santa Ana, Calif.* 2.13 (On purple scale, Lepidosaphes beckii (New- 

man), 2.00) 

Tustin, Calif.* 3.43 

Santa Barbara, Calif 5.86 and 3.90 (2 plots) 

Lindsay, Calif 7. 8 and 0. 0 (2 plots) (on the citricola scale Coccus 

pseudomagnoliarum Kuwana) 

Average 4.0 


* Resistant-scale areas. 

t The red scale Chryaomphalus aurantii (Mask.) is meant except as otherwise noted. 

EXPERIMENTS RELATING TO THE NATURE OP THE 
INSECTICIDAL ACTION OP NEUTRAL OILS 

The following test illustrates the essential blandness and ‘‘neu- 
trality’’ characteristic of these white, highly refined petroleum oils, 
a fact which finds further confirmation in that it is this type of oil 
which is utilized in human medicine. Coleman‘s mealybug (Pken- 
acoccus colemani Ehr.) were continuously immersed in Oronite Crystal 
oil -and examined twice a day until all had died. . Death was assumed 
to take place concurrently with cessation of all bodily movements, as 
determined by absence of response to stimulation by a needle. 

Table 6 includes the combined results of two distinct tests. The 
same data are shown graphically in figure 3. 

Some supplementary data on other insects were obtained which 
check very well with the results recorded above. 

Thus with cabbage aphis (Aphis hrassicae Linn.), out of eight 
individuals which were tested two were still alive after 18 hours’ 
immersion in the oil. There is little doubt that aphids on the whole 
are more susceptible than mealybugs. 

Larvae of the orange tortrix (Tortrix citrana Pern.) likewise sur- 
vive a considerable period of immersion in this oil. In one test involv- 
ing two individuals, one specimen was dead at the end of the 72nd 
hour and the other at the end of the 96th. In this case cessation of the 
pulsation of the dorsal vessel was taken as indicative of death. 

In the case of ladybird beetles (Hippadamia convergens Guerin) 
visible movements cease in from -3 to 7 minutes. 
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TABLE 6 

Survival op Coleman’s Mealybug Immersed in Oronite Crystal Oil 


Hours elapsed since 
beginning of test Insects dead 


Insects still 
living 


0 0 

68 1 

72 6 

77 4 

96 1 

114 4 

120 .5 

144 2 

148 1 

160 1 

166 1 

184 4 

240 3 

264 1 

288 2 

294 2 

312 1 

336 1 

384 1 


40 

39 

33 

29 

28 

25 

20 

18 

17 

16 

15 

11 

8 

7 

5 

3 

2 

1 

0 


Totals (end of test) 


40 


6524 

Average time of lethal immersion, = 163 hours, or nearly 7 days. 

40 



Hours /mrrmrsfon 


Pig. 3. Lethal curve of Coleman’s mealybug, Phenacoccus colemani Ehrhom, 
immersed in Oronite Crystal Oil. 
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The contrast between the long period of immersion required for 
mealybug and the shorter one for beetles was puzzling. As a check, 
beetles were immersed in tap water, and the apparent anomaly was 
then explained. Furthermore, there were obtained some data con- 
firming our belief that the lethal effects of these highly refined oils 
could be explained almost solely upon the basis of suffocation. 

Beetles were floated to the top of a water-filled, inverted test tube, 
and it was found that all visible movements ceased within practically 
the same length of time as in the oil. That cessation of movement 
in this instance was not indicative of death was clearly shown when 
beetles that had been immersed in water for several hours revived 
very rapidly upon being warmed and dried. This indicates that with 
these insects at least, cessation of movement is not a definite criterion 
of death. 

There is little doubt that oil-immersed beetles would likewise 
revive rapidly and completely if the adhering oil could be dissipated 
as completely and rapidly as the water. The fact that they do not do 
so indicates that enough oil adheres permanently to the body and 
completely covers the spiracles so that the insect cannot be removed 
from its oil bath. 

Mealybugs were likewise treated with water as a lethal agent. 
Four insects so immersed for four hours and apparently dead, all 
movement having ceased, revived completely. In a succeeding check 
test ten mealybugs were kept under water for a period of five hours. 
Of these only two revived. These results indicate a very much 
lower average lethal immersion limit for water than for oil. Movement 
ceases much sooner in water than in oil. 

As a final test of the * ‘ oxygen-deprivation hypothesis’’ eighteen 
mealybugs were placed in an atmosphere of pure hydrogen, which 
is essentially inactive so far as living organisms are concerned. 
Impurities due to the processes of generation were doubtless present 
in some degree, but on the whole the results check very well with 
those previously given. Of the eighteen specimens treated eleven were 
dead at the end of 24 hours; four more at the end of 48 hours and 
the remainder (thirteen) at the end of 72 hours. This is an average 
lethal immersion period of 64 hours, approximately two and one-half 
days. 

In view of the foregoing data, it may be stated that death of scale 
insects through the action of white neutral oils may be ascribed almost 
entirely to suffocation. At least, this one factor offers a satisfactory 
e’kplanation for all the known facts. 
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After the completion of the original draft of the manuscript of 
this paper it was found that we had overlooked two important articles 
bearing upon this same subject, written by George D. Schafer (13, 14) 
in 1911 and 1915 respectively. It is unnecessary to review his con- 
clusions relative to our work, which was done entirely independently, 
but it is worth while to note that our results bear practically the 
same implications and are confirmatory of his conclusions on the 
subject of oxygen deprivation. 


TABLE 7 

Kelation or Viscosity or Oil to its ErrEcr on Red Scale 


No. 

of 

test 

Oil description 

Vis- 

cosity 

Per- 
centage 
of oil in 
emulsion 

Per cent 
scale 

surviving 

teat* 

. — . . _. .. . ^ 

Remarks 

1 

Castor oil 

1840 

2 

48.0 

No more than natural 






mortality. 

2 

No. 6, a heavy lubri- 






eating oil 

364 

2 

0 0 


3 

Oronite Crystal oil. 

100 

2 

0.0 


4 

A special light lubri- 






cating oil (specifi- 






cations not given) 

38 

2 

2.0 

This oil was just below 






the lethal viscosity 






limit. 

5 

No. 4a, a refined kero- 






sene 

21 + 

20t 

19.0 



* The basis for scale counts ranged from 200 to 600 insects. 

t In spite of the high percentage here used only a very poor kill was obtained; at 2 per cent only 
the natural mortality would have been found. 


In laboratory tests, oils within a rather wide range of high 
viscosity, other things being equal, gave complete control. Below 
the minimum of this range, the lighter an oil the less certain will 
be the kill. On the other hand, extremely high viscosities are likewise 
ineffective. These facts are illustrated in table 7, which is based upon 
laboratory tests. 

Under the heading ‘‘viscosity’^ are given a series of values which 
are approximate only. Oronite Crystal oil was arbitrarily taken as 
a standard and assigned a value of 100. The values were determined 
by measuring the time of flow of 50 cc. of the oil from a small burette 
at a constant temperature. 

These tests were made with the resistant red scale {Chrysomphal/us 
aurantii). All emulsions were of the quick -breaking type. 
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These oils (excepting castor oil) are all almost entirely non-toxic, 
and castor oil even with its toxicity fails to kill. Evidently castor oil 
and oil 4a are ineffective for different reasons. In the case of castor oil 
the cause is probably mechanical, as this oil is apparently too viscous to 
spread evenly and form a continuous film. In the case of oil 4a, on 
the other hand, the oil evaporates so quickly that a film is not main- 
tained long enough to kill the more resistant individuals. The 
minimum viscosity^ limit for complete killing evidently lies somewhere 
between Oronite Crystal oil and the ^^special light lubricating oil’^ 
used in this test. 

Dilution tests (table 8) were then made and found to conform 
in general to the conclusion just stated. Kerosene distillate was used 
in making these viscosity reductions. These tests are not conclusive 
and must later be greatly extended, particularly toward the lower 
limits. 

TABLE 8 

Effects or Diluting Heavy Oils with Kerosene Distillate 


Oil 

Viscosity 

Percentage 
of oil in 
emuision 

Percentage 
scale surviving 
test 

Castor oil plus kerosene distillate 

74i 

2 

0.0 

Oronite Crystal oil plus kerosene distillate 

45± 

2 

0.0 

Oil 6 plus kerosene distillate 

100 

2 

0.0 


Kerosene distillate is of itself ineffective, but when its viscosity 
is increased by the addition of castor oil (or vice versa) a kill is 
immediately obtained. Toxicity is of paramount importance in 
assigning practical limits to degrees of volatility (viscosity) permis- 
sible in a given oil. For instance, an oil which might be volatile 
enough to disappear completely in one hour, if also sufficiently toxic 
to penetrate and kill the most resistant individual scales treated in 
thirty minutes, would obviously be entirely effective as a spray 
material. On the other hand a non-toxic oil which would volatilize 
completely in ten days would not suffice to kill red scale. The impor- 
tance of these two factors lies not so much in their absolute as in their 
relative values. 

7 The terms ‘ low viscosity * and * high volatility ' cannot be used interchangeably 
in all cases. Oils from a similar source, distilled at the same range of temperature 
win be quite uniform in viscosity, but in the process of refining, the viscosity 
changes enormously, while volatility may remain constant. The blending of oils 
of different viscosities may also destroy the correlation between viscosity and 
volatility. 
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PRELIMINARY TESTS OF TOXICITY OP INSECTICIDAL 

MATERIALS 

Table 9 gives data relating to the toxicity of a series of oils and 
other substances. These values should be self-explanatory in view of 
the preceding discussion. The tests were not all made in the same 
way and on the whole can be relied upon to give an idea of relative 
toxicity, but not of the minimum lethal limit, which is ultimately the 
most important factor. Five mealybugs, Phenacoccus Colemani 
(Ehrhorn), were used in making each of the determinations. Sub- 
stances are listed according to toxicity, the more toxic ones coming first. 

The possibility of imparting toxicity to otherwise neutral oils 
through the addition of toxic constituents (fatty acids or unsaturated 
hydrocarbons, for instance) and hence permitting higher volatility and 
shortening the time of insect kill may be of great importance in future 
work. This raising of the volatility is also of considerable significance 
in decreasing plant injury. Long persisting oils may tend to upset 
the metabolic processes of the plant even where no immediate effect is 
noticeable. 


TRACHEAL PENETRATION OP INSECTICIDES AND 
SIGNIFICANCE OF SOLUBILITY OP WAX IN OILS 

A study was made of the penetration of different fractions of 
petroleum oils, some of the vegetable oils and other spray materials, 
into the tracheal system of the red scale. This work was somewhat 
similar to that of Moore (7) on tracheal penetration. 

For this purpose specimens were chosen that had passed through 
the second moult but had not yet reached maturity. At this stage of 
development the insect is free from the scale covering and can be 
lifted out intact. The detached insect is placed on a slide, ventral 
side up, and when it is immersed in liquid the tracheal system becomes 
plainly visible. The low refractive index of the air-filled trachea 
causes them to show as black lines under the microscope. If penetra- 
tion of the liquid occurs, it causes an increase in the refractive index 
of the liquid-filled portion with a consequent lowered visibility, and 
the degree of penetration becomes plainly visible. 

Figure 4 is a photomicrograph showing the main branches of the 
tracheal system of the red scale. It will be noted t^t the spiracles 
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TABLE 9 

Relative Toxicity or Inseotioidal Substances to Mealybugs as Indicated by 
Pebiod of Lethal Immersion 


Rank 

Substance 

Time of lethal 
immersion 

Remarks 

1 

Benzol 

3 seconds 

Chemically pure 

2 

Ether 

10 seconds 

Chemically pure 

3 

Grain alcohol 

90 seconds 

95 per cent pure 

Georgia Rosin Products Co. 
Georgia Rosin Products Co. 

4 

^‘Zero** rosin oil 

3 minutes 

5 

Double Run Zero 
rosin oil. 

3 minutes 

6 

Triple Zero rosin oil ... 

3 minutes 

Georgia Rosin Products Co. 

7 

Turpentine 

3.5 minutes 

Commercial 

8 

. Double-distilled 
coconut fatty acid. 

6 minutes 
(average) 

Armour & Co. 

9 

London rosin oil 

7 minutes 

Georgia Rosin Products Co. 
Commercial 

10 

Oleic acid 

7-12 minutes 

11 

Shale oil 

12 minutes 
(maximum) 

California distilled 

12 

Petroleum oil If 

17 minutes 
(maximum) 

Standard Oil Co. of Calif, 
(lubricating-oil distillate) 

13 

Furfural 

10-13 minutes ... 

Insects only partially im- 
mersed, vapors evidently 
toxic. 

14 

Special ^‘X” rosin oil. 

20 minutes 
(average) 

Georgia Rosin Products Co. 

15 

Liquid asphalt 

30 minutes* 

Standard Oil Co. of Calif. 

IQ 

Unsaturated hydro- 

43 minutes 

Standard' Oil Co. of Calif. 


carbons removed 
from kerosene 

(average) 


17 

Vaseline plus water 
white distillate. 

60 minutes* 

Vaseline 1 part, kerosene 5 
parts. 

18 

Petroleum oil 3t 

60-360 minutes .... 

Standard Oil Co. of Calif, 
(lubricating-oil distillate) 

19 

Petroleum oil laf 

60-1200 minutes*.. 

Standard Oil Co. of Calif, 
(kerosene distillate) 

20 

Petroleum oil 3a t 

108 minutes 
(average) 

Standard Oil Co. of Calif, 
(kerosene) 

21 

Petroleum oil 2at 

120 minutes* 

Standard Oil Co. of Calif, 
(kerosene) 

22 

Petroleum oil 4at 

120 minutes* 

Standard Oil Co. of Calif, (the 
least toxic of the kerosenes) 

23 

Whale oil 

210 minutes* 

Crude. Highly toxic. 

Standard Oil Co. of Calif, 
(lubricating-oil distillate) 

24 

Petroleum oil 2t 

240-720 minutes... 

25 

Cottonseed oil 

13-1400 minutes... 

Crude 


* The definite meaning (whether average, maximum or approximate survival limit) of the value 
i^en is unknown. 

t See table 1 for further specifications. 
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TABLE 9 — (Continued) 


Rank 

Substance 

Time of lethal 
immension 

Remarks 

26 

Linseed oil 

30-1300 minutes... 

Commercial 

27 

Petroleum oil 4t 

240-1400 minutes . 

Standard Oil Co. of Calif. 




(lubricating oil) 

28 

Castor oil 

1400 minutes* 

Refined 

29 

Fish oil 

1400 minutes* 

Commercial 

30 

Petroleum oil 4xt 

1400 minutes* 

Standard Oil Co. of Calif. 




(lubricating oil) 

31 

Olive oil 

2500 minutes* 

Refined 

32 

Petroleum oil 6t 

2500 minutes* 

Standard Oil Co. of Calif. 




(lubricating oil) 

33 

Petroleum oil 5xt 

2500 minutes* 

Standard Oil Co. of Calif. 




(lubricating oil) 

34 

Petroleum oil 7t 

1200-5760 minutes 

Standard Oil Co. of Calif. 




(lubricating oil) 

35 

Petroleum oil 5t 

9780 minutes 

Standard Oil Co. of Calif. 


(Oronite Crystal oil) 

(average) 

(lubricating oil) 


* The definite meaning (whether average, maximum or approximate survival limit) of the value 
given is unknown. 

t See table 1 for further specifications. 


are connected with each other by four large tracheal trunks. In 
addition a large number of smaller branching tubes ramify to all 
parts of the body. For purposes of comparison the spiracle-connecting 
trunks of the tracheal system are divided into three areas designated 
as A, B and C. 

That portion of the trunk extending from the opening of the 
spiracle to the point where the trachea first branches is designated 
A. About one-third of the distance between the spiracles along the 
main tracheal trunk is designated B, and the entire distance C. In 
figure 4, these distances are shown from one spiracle only. When 
the oil penetrates far enough to fill the four trunks it has usually, 
at the same time, completely filled the smaller branches. 

Table 10 shows that neither lime-sulfur solution (in ordinary 
dilution) nor Bordeaux 5-5-50 showed any penetration at all. When 
lime-sulfur and a proprietary miscible oil were combined there was 
a fair degree of penetration. All emulsions of the lubricating-oil type, 
as well as the lubricating oils themselves, gave good penetration, filling 
the entire tracheal system. The kerosenes, on the other hand, were 
very erratic in behavior. Initial penetration (2-8 minutes) was in 
nearly all cases very rapid but in a considerable number of instances 
this gradually ceased, and movement of the liquid was reversed so 
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that the tube emptied itself. Apparently the insects have the power 
of expelling these light oils from the tracheae. Furthermore, they 
are then able to keep these oils from penetrating for more than 
30 to 40 minutes. This ability of the insect, particularly when taken 



>K 

Fig. 4. Ventral aspect of the red scale, Chrysomphalus aurantii (Maskell), 
showing the tracheal system. 

in connection with the high volatility of the oils, excludes the kerosenes 
from the class of satisfactory scalecides even though their toxicity is 
relatively high compared with that of neutral lubricating oils. 

In these tests it was found that soaps, oils, stable emulsions and 
•water-glue solutions were capable of penetrating into the tracheae 
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of these detached insects. In some cases, as in highly stable oil 
emulsions and lime-sulfur oil mixture, the penetration seemed to be 
that of the emulsion itself. This seems to raise a question, considering 
the emphasis previously laid upon the necessity of oil liberation. It 
is obvious that anything, whether a pure oil or an emulsion, which 
would completely clog the spiracles would ultimately suffocate the 
insect. 

TABLE 10 

Tracheal Penetration op Red Scale by Insecticidal Substances 


Qrkro va • Trachpal 

oprays . Material penetration 

Lime sulfur, 2 per cent None 

Lime sulfur, 10 per cent . . None 

Lime sulfur, 20 per cent A 

Lime sulfur, undiluted A 

Bordeaux, .5-5-50 None 

Miscible oil, 2 per cent and lime sulfur, 1 per cent B 

Commercial oil emulsion, 5 jxjr cent (standard iy\)e) C 

Fish-oil soap and Oronite Oystal oil emulsion, 6 per cent .... C 
Fish-oil soap and No. 6 petroleum oil emulsion, 6 per cent. C 

Fish-oil soap and kerosene distillate (Oil No. la) emulsion, 6 per 

cent ...... Erratic, 

initially 

rapid 

Fish-oil soap and kerosene oil No. 2a emuls.on, 6 ix?r cent Erratic, 

initially 

rapid 

Bordeaux and Oronite Crystal oil emulsion, 6 per cent C 

Ferrous sulfate and Oronite Crystal oil emulsion, 6 ix»r cent .... C 

Oils (pure): 

Oronite Crystal oil (No. 5) . .. C 

Petroleum oil No. 6 C 

Kerosene, No. 2a C 

Kerosene distillate, No. la .. C 

Cottonseed oil (Crude) ... C 

Oleic acid B 

Turpentine B 

Linseed oil C 

Miscellaneous: 

Tap water None 

Sodium silicate (water glass) A 

Xylol stained with Sudan III Erratic, 

ultimately 

complete 

Xylol (pure) C 
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The paradox is explicable, however, when we consider the penetra- 
tion of the trachea of an insect in situ. Here the armored scale 
(red scale), which was the subject of discussion in connection with 
the liberation of oil from quick-breaking emulsions, is completely 
protected by both a dorsal and a ventral waxy scale covering. For 
the insecticide to come into actual contact with the spiracles necessi- 
tates first of all penetration of this scale covering. Water is not a wax 
solvent and is hence completely excluded from penetrating this cover- 
ing. The same consideration applies to any water mixture, including 
stable emulsions wherein water is the continuous phase and where 
little or no oil liberation takes place. Free oils on the other hand 
are not only capable of tracheal penetration but are wax solvents 
as well and hence capable of penetrating the scale covering. In a 
stable emulsion the oil is kept largely locked up and hence can 
exert no independent effect upon the wax. 

This explanation is borne out by the fact that miscible oils (as 
is found in current practice in the field) may be fairly effective 
against the unarmored black scale (Saissetia oleae Bernard), where 
the spray is able to gain unobstructed access to the tracheal opening, 
while they fail in large degree in the case of red and other armored 
scales. 


VEGETABLE OILS 

In addition to the petroleum oils, certain vegetable oils were tested 
as spray materials. These include cottonseed, linseed, castor, and 
rosin oils. These are all much more toxic to insects (as indicated 
in table 9) than neutral white oils, no doubt on account of their 
fatty-acid content. These fatty acids seem in general to correspond 
to the unsaturated hydrocarbons of the petroleum oils. Like the 
latter, they are toxic to plants as well as to insects, although in many 
instances at lea.st, to a less degree. 

The most promising of the vegetable oils tested was cottonseed oil. 
In the field this gave an excellent kill of scale, but defoliation was 
considerably more severe than was the case with Oronite Crystal oil. 
There is a great field for future investigation of vegetable oils in 
connection with insecticidal spray work. 
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COCONUT PATTY ACID 

In view of the widespread interest in the recent development of 
the use of coconut-oil fatty acids by Siegler and Popenoe(15), it is 
well to call attention to the fact that while they undoubtedly have 
marked insecticidal properties, they are also exceedingly toxic to plant 
tissue when used in concentrations even remotely approximating those 
necessary to kill armored scale insects of citrus. The following test 
shows this conclusively. 

An emulsion was made with equal parts of fatty acid and gasoline, 
as recommended in the reference quoted, but the amount of glue 
was reduced so as to make an emulsion of the quick-breaking type. 
This mixture was diluted with water until the emulsion contained 
2 per cent of the fatty acid. A potted citrus plant was sprayed with 
this emulsion with disastrous effect. It was completely defoliated and 
both the leaves and the twigs were badly burned and spotted. 

Lemons infested with red scale were sprayed with the same 
emulsion. The fruit was burned and shriveled, but only 97 per cent 
of the scale was killed. Furthermore, at the time the examination was 
made (ten days after spraying) young were hatching and settling on 
the fruit. In this instance, although severe injury resulted to the 
plant and fruit, the scales were not all killed. This failure is probably 
due in large part to lack of wax solubility, with consequent inability 
to penetrate the scale covering. This material would probably be 
much more effective against the unarmored black scale {Snissetia 
oleae). 

On diluting the emulsion one-half, so that it contained 1 per cent 
of fatty acid, a mortality of only 83.4 per cent was found and the fruit 
was again shriveled. 

The test was repeated without the gasoline in order to get the full 
effect of the undiluted fatty acid. An application of a two-per-cent 
emulsion left only 0.66 per cent of the scale alive but severely injured 
both the fruit and plant. 

Finally a stock emulsion was applied, made according to the 
formula recommended, with its full complement of glue (giving a 
stable emulsion) and containing 2 per cent of fatty acid (or 80 times 
as strong as recommended for aphids). No injury to the plant 
resulted from this application. When the determination of insect 
mortality was made, there could be found no indication that an 
insecticide had been applied, the count showing mortality of 43.6 
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per cent, which is equivalent to natural mortality only. The spray 
had proved totally ineffective. Young scale were found crawling 
freely about within two days after the application. 

These tests again confirm the conclusions previously reached 
regarding the necessity of a quick-breaking emulsion in order to 
liberate the insecticidal agent for effective use. 


SUMMARY 

1. Petroleum oils of the kerosene and ‘^stove-distillate^’ type 
(28''-32° A.P.I.) have been occasionally used as insecticides over a 
period of many years in citrus orchards, with varying results as to 
insecticidal effects and injury to the tree and fruits. 

2. Non-viscous oils of a low boiling point, such as the kerosenes, 
are safer to use on the tree than those of high boiling points, but are 
unsatisfactory as scalecides because of relatively low toxicity combined 
with high volatility. 

3. Highly refined, white lubricating oils are probably the most 
advisable for use on citrus trees, especially at summer temperatures. 
Oils of a low viscosity are apparently safer to use on trees than those 
of high viscosity. This is due to the more rapid disappearance of the 
former. 

4. Severe injury to the citrus trees from the use of lubricating 
oil is associated with the presence of a high percentage of unsaturated 
hydrocarbons. Refining petroleum oil with sulfuric acid removes the 
following injurious constituents : aromatics, olefins, resins, and sulfur. 

5. The filtration of petroleum oils through Puller’s earth has not 
shown itself effective in reducing the amount of injurious constituents 
present. 

6. Gross symptoms of injury to citrus trees from the use of 
unrefined petroleum oils, include defoliation, fruit spotting and drop- 
ping and the killing of twigs and branches. In addition to these 
injuries, there is an apparent interference with the normal plant 
functions of transpiration and respiration. 

7. A quick-breaking emulsion utilizes to the maximum degree the 
insecticidal agent. Two per cent non-volatile lubricating oil with 98 
per cent of water as a carrier has, when applied as a quick-breaking 
emulsion in the laboratory, produced a complete kill of red scale on 
lemons. Stable oil emulsions using the same ingredients are ineffective 
against this scale at strengths of from 4 to 8 per cent actual oil. 
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8. The ‘‘quick-breaking’’ action in an emulsion is greatest when 
the average size of the dispersed oil globules is greatest, and that size 
is greatest when the proportion of emulsifier to oil is least. 

9. The concentration of oil in the run-off from sprays containing 
2-per-cent concentration of oil varied from 2.5 per cent for the stable 
type of emulsion to 0.39 per cent for the quick-breaking type in 
laboratory tests on glass plates. 

10. The insecticidal action of unrefined lubricating oils seems to be 
the result of two principal lethal factors. These are suffocation and 
toxic action, or poisoning. The former results chiefly from non- 
volatility (film permanence), the latter chiefly from the action of 
unsaturated hydrocarbons in the case of unrefined petroleum oils, 
or that of free fatty acids in the case of vegetable oils. 

11. The wax solubility of oils is one of the important factors 
determining the insecticidal effectiveness of lubricating oils against 
the red scale. In the quick-breaking emulsions the free oil dissolves 
the waxy scale covering and enables the oil to penetrate to the 
spiracles; stable emulsions, with which the liberation of free oil does 
not readily occur, lack this feature to a great extent and are therefore 
not so effective. 

12. The lethal immersion period varies from a few seconds for 
the most toxic substance tested to sixteen days for the least toxic. 

13. Volatility limits of oil range from a few minutes or hours to 
several weeks. 

14. Various physiological disturbances, which are highly charac- 
teristic and little understood, are induced in citrus trees by the use 
of “neutral” white oils in quick-breaking emulsions. These disturb- 
ances are evidenced by special types of leaf and fruit drop but not by 
actual burning or spotting (except possibly in rare instances). 

15. Free fatty acids — while highly effective as insecticides for 
aphids — are not suitable for use in quick-breaking emulsions at the 
high concentration required for the control of scale insects, because 
of the injurious effects on plant tissue of such concentrations of the 
acids. 

16. The present paper is published as a progress report on a 
special investigation, the results of which, while highly suggestive and 
important, should not be construed as constituting a recommendation 
for practical orchardists. 
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EFFECT OF 

MULCHES ON SOIL TEMPERATURES DURING 
THE WARMEST WEEK IN JULY, 1925 

ALFEED SMITH* 


Previous investigations^’ ® on the use of paper as a mulch in 
contrast to soil mulches have dealt mainly with the effect on crop 
growth and crop yields. Investigations are now under way regarding 
the effects of such paper covering on the temperature and moisture 
conditions of the soil, and also on the most desirable kind of paper to 
use with particular regard to color, weight, durability, and need for 
perforations. 

By the use of an unperforated black paper mulch at Berkeley in 
1924, Shaw^ found that the soil at a depth of three inches averaged 
about 0.42° F warmer than at a similar depth in the soil-mulched 
plots. Hartung^ in the pineapple fields of Hawaii obtained higher 
mean soil temperatures at a depth of three inches in areas covered 
with grayish brown paper mulches than in unprotected soil. In his 
summary he states that paper mulch maintains a mean soil tempera- 
ture in the upper 3-inch layer of soil during the cool season in the 
localities given, from 3 to 4.5 degrees Fahrenheit above that of non- 
paper covered soil; provided the mulch paper is dark, preferably 
black in color. Although the standard mulch paper which Hartung 
used presented a ‘‘greyish brown appearance,’’ he nevertheless recom- 
mends black paper. Stewart® and his co-workers in Hawaii found 
that on clear days the areas covered with black paper were from 12° 
to 15° F warmer during the day, and from 4° to 5° F warmer during 
the night. 

* Assistant Professor of Soil Technology and Associate Soil Technologist in the 
Experiment Station. 
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rig. 1. — Soil temperature plots at Davis, California, January, 1925. 


METHODS 

The experimental tract used in these experiments is an area of 
Yolo loam which had been summer fallowed in 1924. The surface soil 
to a depth of three feet is a fairly uniform loam on a subsoil of fine 
sandy loam with some minor variations of coarser texture. This soil 
is of recent alluvial deposition, is derived mainly from sedimentary 
rocks, and occupies a nearly flat topographic position. Sixteen plots, 
each five meters square, were arranged in this area, separated by 
paths two meters wide. 

A sixteen-point recorder was installed in a one-story frame struc- 
ture, 150 feet north of the experimental area, in January, 1925, with 
all connecting wires carried to the plots in overhead conduits as shown 



rig. 2. — Automatic temperature recorder. 
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in figure 1. Sixteen resistance thermometers were carefully standard- 
ized against standard mercury thermometers and were placed in the 
soil at the center of only five of the plots at depths of from inch to 
36 inches. The least number of thermometers in any one plot was 
two and the most was six. In burying the thermometers, a hole of 
small diameter was dug, the soil of the various horizons being carefully 
laid aside. The thermometers were then inserted in the undisturbed 
soil on the north side of the holes, so that the resistance units or 
‘‘bulbs’’ were at least eight inches from the excavation. The hole 
was then filled, the soil layers being put back in proper order and 
lightly tamped in order to attain the same degree of compactness as 
existed originally. 

The temperature recorder (fig. 2), a Leeds & Northrup 16-point 
recorder, was adjusted so that the temperature of each individual 
thermometer was recorded every 15 minutes, giving 96 records in a 
24-hour period or 10,752 records from the 16 thermometers in a period 
of 7 days. All temperatures herein reported are in degrees Fahrenheit. 

A continuous record of the air temperature and humidity was 
obtained in a standard United States Weather Bureau shelter, located 
in the northeast comer of the area. 


SURFACE TREATMENTS OF CERTAIN PLOTS IN 1925 

Various treatments of the soil surface were under experiment in 
1925, but only plots 6, 7, 10, 11 and 15, in which soil temperatures 
were taken, will be discussed in this paper. The surface treatments of 
these plots were as follows : 

Plot 6 — covered with Pabco Thermo-Gen 214, black on both 
sides and with large, irregularly triangular perforations 
1^ inches apart. 

Plot 7 — not covered with paper, cultivated 4 inches deep once 
a month. 

Plot 10 — covered with Moistite Thermo-Gen mulch paper, gray 
on both sides and with small triangular perforations % 
of an inch apart. 

Plot 11 — covered with Thermo-Gen, black on both sides, but 
without perforations. 

Plot 15 — covered with Mulch Paper Plain, gray on both sides 
and without perforations. 

Where the paper mulch was put on, it was laid in 36'inch strips run- 
ning north and south. A lap of 3 inches was allowed and over this 
redwood battens were laid and stapled down with No. 6 iron wire. 
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These battens were I 14 inches wide and i/4 inch thick (fig. 3). All 
plots were covered on May 1 and during the 1925 season no crop was 
grown on any of them. 

A period of very high temperatures with clear weather occurred 
in California, centering around July 16-18, 1925. At some points in 
the state all previous maximum temperatures for July were equalled 
or exceeded. The discussion in this paper is confined to a considera- 
tion of the temperature changes recorded during this week, or from 
July 14 to July 21. 



Fig. 3. — Paper mulch and bare plots, Davis, California, May, 1925. 


EXPERIMENTAL RESULTS 

In two plots (Nos. 6 and 7) temperatures were obtained at the 
depth of one-half inch. The average day temperature (sunrise to 
sunset) in the bare plot, No. 7, at this depth was 109°, and in plot 6, 
which was covered with black perforated paper, it was 99°, or 10 
degrees colder. The night (sunset to sunrise) temperatures were 
reversed, however, the average of the bare plot being 81° and of the 
covered plot 86.6°, or a difference in favor of the covered plot of 5.6°. 
The highest soil temperature recorded in any of these plots in 1925 
was 143° obtained at a depth of one-half inch in the bare plot (No. 7) 
on July 17. 

At the six-inch depth in these same two plots the average day 
temperature was 91.3° for the bare plot and 90.4° for the covered 
plot, or a difference of only 0.9° in favor of the bare plot. At the 
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same depth the average night temperature was slightly higher in both 
cases, it being 92.7° for the bare plot and 92.1° for the covered plot. 

A more detailed study of the records from the bare plot at the 
various depths shows that the average day and night temperatures 
(fig. 4) to a depth of twelve inches during this warm period differ 
decidedly; but at greater depths little or no difference was noted. 
This is in full agreement with the records for any of the clear days 
in 1925 not herewith reported, as temperatures were obtained from 
February to October. 



rig. 4. — Temperature ranges in bare plot, July 14-21, 1925. 


The average time of sunrise during the week of July 14-21 was 
4 :54, and for sunset it was 7 :30. The time of occurrence of the 
maximum and minimum temperatures in the bare plot are shown in 
table 1. There was no diurnal effect below 12 inches, but there was a 
gradual increase in temperature, which at the 24-inch depth amounted 
during the week to four degrees. The maximum air temperature for 
the week occurred at approximately the same time as that at the 
one-half inch depth, while the minimum air temperature occurred 
28 minutes earlier than the minimum at the one-half inch depth. 

The rate at which the heat moved into the soil is shown graphically 
in figure 5 and the loss of heat from the soil is illustrated in figure 6. 
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TABLE 1 

Time of Occurrence op Maximums and Minimums in Bare Plot 


Depth 

Time of maximum after 
Bunrise 

Time of minimum after 
sunset 

^ inoh 

8 hours 51 minutes 

8 hours 51 minutes 

3 inrViPs 

11 hours 

10 hours 43 minutes 

6 ipphos 

12 hours 17 minutes 

11 hours 51 minutes 

12 inches 

16 hours 25 minutes 

14 hours 





The gradual increase in temperatures at depths below 12 inches shows 
that heat was not only lost by radiation from the soil to the atmosphere, 
but also by conduction downward. 

The diurnal range in temperature in the bare plot for depths to 
12 inches naturally varies inversely to the depth and is shown in 
figure 7. 

When the temperatures at the 3 inch depth in all five plots are 
compared (figs. 8, 9), it is quite evident that different results were 
obtained. 



Fig, 5 , — Maximum temperatures in bare plot: time of occurrence ^ter sunrise* 
Average for the week of July 14-21, 1925. 
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Fig. 6. — Minimum temperatures in bare plot: time of occurrence after sunset. 
Average for the week of July 14-21, 1925. 



Dep^ oT Thermommfers in inchms. 

Pig. 7. — Average diurnal range for the week of July 14-21, 1925. 
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Fig. 8. — Temperatures at 3 inch depth in bare and covered plots and of air 
by two hour intervals. Week of July 14-21, 1025. 
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Fig. 9. — Temperatures at 3 inch depth in bare and covered plots and of air 
by two hour intervals. Week of July 14-21, 1925. 
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TABLE 2 

Average Temperatures at Three-inch Depth, July 14-21, 1925 


Plot 

Cover 

Day 

Night 

Maximum 

Minimum 

11 

Black solid paper 

98.0 

^ F. 
96.0 

, o 

2 

o p 

88.7 

7 

No paper — soil mulch 

92.6 

89.6 

100.5 

83.4 

6 

Black perforated paper 

91.4 

90.4 

97.9 

84.7 

10 

Gray perforated paper 

86.3 

85.0 

92.4 

79.4 

15 

Gray solid paper 

88.0 

86.0 

94.0 

81.3 

Air 




102.0 

66.9 


In table 2 the effect of the color of the paper mulch as well as the 
effect of perforations is shown. Plot 11, which was covered with black 
solid paper, was 5.4° warmer during the day and 6.4° warmer during 
the night than the bare plot (No. 7). Where the black perforated 
paper was used as a mulch (plot 6), the average day and night tem- 
peratures were about the same as in the bare plot, with slightly higher 
night temperatures in favor of the black perforated paper. 

Plot 15, which was covered with gray solid paper, was 4.6° colder 
during the day and 3.6° colder during the night than the bare plot. 
The coldest of the five plots was number 10, where the average day 
temperature was 6.3° lower than in the bare plot (No. 7). As the 
color of the surface soil in these plots is brown, drying to a light 
brown, the plots covered with the light-colored or gray papers did not 
have the capacity to absorb as much heat as the bare plot, while those 
covered with black paper had an increased capacity for heat 
absorption. 

The effect of perforating the mulch paper with large and frequent 
perforations (fig. 10) is to permit the circulation of air, which results 
in general in lower temperatures being recorded at the 3 inch depth 
in the plots covered with perforated paper than in those covered with 
the non-perforated paper. Plot 6, which was covered with black per- 
forated paper, was on the average 1.2° colder during the day and 
slightly warmer during the night, as shown in table 2, than the bare 
plot. The gray perforated paper (plot 10) was the coldest of the five 
plots, both during the day and at night. Whatever heat is absorbed 
by the paper mulches during periods of sunlight is rapidly lost from 
the soil surface by conduction and radiation to the atmosphere when 
the papers are perforated. 

The maximum temperatures in the five plots at the 3-inch depth 
occurred usually at about the same time, which was two hours after 
the maximum air temperature was reached. The average maximums 
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o r 2 - 3 - 

S^/e 

Fig. 10. — Types of perforated paper used. 

of these plots as given in table 2 show the range of from 94® to 107®, 
or 13®. The minimum temperatures at the same depth occurred on 
the average 1 hour and 40 minutes after the minimum air temperature 
and showed a range from 81.3® to 88.7®, or 7.4®. 

The changes in temperature which occurred- at the 12 inch depth 
in these five plots are graphically shown in figures 11 and 12. The 
maximum temperatures occurred usually at about the same time, 
which was 8 hours after the maximum air temperature was reached, 
and showed a range of 11.6®. The minimums occurred, on the average, 
6 hours after the minimum air temperatures and had a range of 10.6®, 
The results for the 12 inch depth are shown in table 3. 


TABLE 3 

Average Temperatures at Twelve-inch Depth, July 14-21, 1925 


Plot 

Day 

Night 

Maximum 

Minimum 




o p 

0 p 

11 

93.1 

95.4 

96.0 

92.6 

7 

87.6 

89.4 

90.3 

86.4 

6. 

88.6 


90.6 

87.7 

10 

82.7 


84.4 

82.0 

16 : 



85.6 

83.0 

Air 



102.0 

66.9 
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Fig. 11. — Temperatures at 12 inch depth in bare and covered plots and of air 
by two hour intervals. Week of July 14-21, 1925. 



Fig. 12. — Temperatures at 12 inch depth in bare and covered plots and of air 
by two hour intervals. Week of July 14-21, 1925. 
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In general the effects of the various types of mulches were the same 
at a depth of 12 inches (table 3) as those at the 3 inch depth. Plot 11, 
covered with black solid paper, had the highest temperatures at the 
12 inch depth. The average day temperature was 5.5®, and the average 
night temperature 6.0®, higher than in the bare plot. Plot 6, covered 
with black perforated paper, was slightly warmer at the 12 inch depth 
than the bare plot. The plots covered with gray paper mulches were 
the coldest at the 12 inch depth. Plot 15 covered with gray solid 
paper was 3.6® and 4.4® colder on the average during the day and 
night, respectively, than the bare plot (No. 7). Plot 10, covered with 
the gray perforated paper, was on the average during the day 4.9® 
and during the night 5.4® colder than the bare plot. 


SUMMARY 

The highest soil temperature found was in the bare plot, where on 
July 17, 1925, at a depth of one-half inch, 143® F was registered. 
Temperatures obtained at a depth of one-half inch showed that the 
bare plot averaged 10® warmer during the day and 5.6® cooler at 
night than the plot covered with perforated black paper. In the bare 
plot the average day temperature at the 6 inch depth for the week 
was 0.9® higher and the average night temperature was 0.6® higher 
than on the area covered with perforated black mulch paper. 

In the bare plot, where temperatures were obtained at depths of 
V 2 y 3, 6, 12, 24, and 36 inches, decided differences were found between 
the night and day temperatures to a depth of 12 inches. 

Temperatures taken at a depth of 3 inches in five plots, where 
different mulches were used, varied considerably. The warmest plot 
was that covered with solid black paper. Where the perforated black 
paper was used the temperatures were about the same as in the bare 
plot. The coldest plots were those covered with gray paper and in this 
case the perforated paper was again colder than the non-perforated. 
The maximum temperatures at the 3 inch depth occurred on the 
average 2 hours after the maximum air temperature and showed a 
range of 13®. The minimum temperatures at the 3 inch depth 
occurred on the average 1 hour and 40 minutes after the minimum 
air temperature and had a range of 7.4®. 

Temperatures taken at a depth of 12 inches showed that the plot 
covered with the solid black paper was the warmest. The plot covered 
with perforated black paper was slightly warmer at the 12 inch depth 
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than the bare plot. The coldest plot was that covered with gray per- 
forated paper, while the gray solid paper was only slightly warmer 
than the gray perforated. The maximum temperatures at the 12 inch 
depth occurred usually about 8 hours after the maximum air tem- 
perature was reached and showed a range in the various plots of 11.6°. 
The minimum temperatures at the same depth occurred, on the 
average, 6 hours after the minimum air temperature and had a range 
of 10.6°. 

The effect of the mulch paper was markedly influenced by varia- 
tions in color and by the presence or absence of perforations. The 
warmest soil during this week was that covered with non-perforated 
black paper, and the coldest that covered with the gray perforated 
paper. Under the conditions of this experiment, the standard per- 
forated mulch papers showed no material effect in increasing the soil 
temperatures. 

These results are not given as indicating the possible effects which 
might occur when paper mulches are used in crop rows and are not 
to be taken as recommendations for the use of any particular type of 
paper mulch. Other work is in i)rogress which will include the effects 
on crops. This will be reported later. 
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SATURATION 
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INTRODUCTION 

The height to which water will be lifted through a soil by film 
forces, commonly designated as ‘‘capillary rise,’^ is an important 
factor in many phases of agricultural practice, particularly in deter- 
mining the depth at which the ground water table should be main- 
tained in order to prevent evaporation from the surface. 

In most experiments heretofore reported, the capillary rise has 
been determined by starting with the soil in an air-dry condition and 
usually in tubes of relatively small diameter.^ The experiments of 
Ililgard^ have generally been quoted to show a maximum rise of 122 
inches in the silt separate with less rise in all the other separates, 
while the work of Linde and Dupre^ shows that under ideal conditions, 
where friction of flow through the soil is eliminated, the total height 
may reach nearly to thirty feet ! 

Since most soils in agricultural use are frequently or occasionally 
wetted to the water table by rain or by irrigation, it was felt that to 
properly measure the maximum possible “capillary rise’’ under 
conditions simulating those in the field, the soils should be started at 
or near capillary saturation, and the ability of the soil to raise water 
be measured by the amounts removed from a ground-water reservoir 
and evaporated from the surface, 

* Professor of Soil Technology and Soil Technologist in the Experiment 
Station. 

t Assistant Professor of Soil Technology and Associate Soil Technologist in 
the Experiment Station. 
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FIRST EXPERIMENT 

Experimental methods , — In the first experiment, conducted in the 
laboratories at Berkeley, the soil was placed in galvanized iron tubes 
8 inches in diameter, and 4, 6, 8, and 10 feet in length. The soil used 
was Yolo sandy loam from Davis, California. The soil was placed in 
the tubes by pouring steadily from the top, gently hitting the sides 
of the tubes to induce settling. There is no doubt but that there was 
some stratification of the soil in the tube. The tubes were so arranged 
that their tops were at the same level, just projecting into a tunnel 
of muslin (on a frame work) through which a constant stream of 
warm air was drawn by an electric fan. The air entered the tunnel 
near large steam pipes, and was generally heated to a temperature 
of from 70° to 85° F. The bottoms of the tubes were placed in closed 
reservoirs in which a constant water level was maintained by Win- 
chester supply bottles by which the amount of water taken up by 
each tube could be measured. 

The experiment was set up and irrigation water applied on Sep- 
tember 1, 1922. Additional water was applied until drainage occurred, 
when the water in the reservoir was brought to the predetermined 
level, the constant supply arranged and the reservoir closed to prevent 
evaporation losses. As drainage occurred first in the case of the 
shorter tubes, these had a more extended period of evaporation than 
the longer tubes. Slow drainage from the soil served to add water 
to the reservoirs and as this was not removed, the quantity from the 
8 and 10-foot tubes exceeded the amount lost by evaporation, giving 
negative results. 

Amounts of water evaporated , — The experimental period was com- 
pleted and the 4 and 6-foot tubes taken down and sampled on Novem- 
ber 27, 1922, after 87 days, and the 8 and 10-foot tubes sampled on 
December 4 and 5, 1922, after 95 and 96 days. During this time the 
water was used up rapidly by the 4-foot columns of soil and slowly 
by the 6-foot columns, while one 8-foot column showed a slight loss 
and the other 8-foot column and both 10-foot columns showed gains 
in the water reservoir, due to the excess irrigation water draining 
from the tube. The loss or gain for each tube is shown in table 1. 

The tubes were observed daily throughout the experiment, and 
while the loss of water from the constant-level replenishment reservoir 
was noticeable and steady for the 4 and 6-foot tubes, none could be 
observed from the 10-foot tubes and only a little from one of the 
8-foot tubes. 
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TABLE 1 

Loss OF Watee by Evaporation” from Capillary Rise Tubes Containing 
Yolo Sandy Loam (Moistotre Equivalent = 16), Berkeley, 1922 


Number of tube 

Length 

Total water 
evaporated 
in liters 

Water used 
daily 
in grams 

Equivalent in 
surface inches 
monthly 

41 

4 feet 

3.778 

43.4 

1.5780 

42 

4 feet 

5.027 

57.7 

2.1000 

61 

6 feet 

1.295 

14.9 

.5424 

62 

6 feet 

1.700 

19.5 

.7098 

81 

8 feet 

.361 (gain) 

0 

.0000 

82 

8 feet 

.423 

4.4 

.1599 

101 

10 feet 

. 084 (gain) 

0 

.0000 

102 

10 feet 

.334 (gain) 

0 

.0000 


As the soils were dried by evaporation from the surface, water was 
drawn by film forces from the deeper wet layers. If these forces 
could maintain a constant film of water from the reservoir to the 
surface, continuous evaporation would take place, but if the depth to 
water table was greater than the film forces could lift the vrater — 
greater than capillary rise — then no losses from the reservoir could 
take place. 

Distribution of water , — On taking the tubes down, they were 
sampled by 1-inch sections by use of a modified King tube, and mois- 
ture determinations made. The distribution is shown in table 2. 

The rather irregular distribution in places is no doubt due to 
stratification during filling. The graphs in figure 2 show the distri- 
bution when the curves were smoothed. 


SECOND EXPERIMENT 

Experimental methods , — As the drainage from the longer tubes 
masked the effects of evaporation and capillary rise, a duplication of 
this experiment was undertaken at Davis, using care to guard against 
the errors and difficulties encountered in the original experiment. 
This work was started in August, 1924, and closed in July, 1925, after 
a period of over ten months. 

Eight-inch galvanized iron tubes were again used, the lengths being 
the same as before : 4, 6, 8, and 10 feet. The soil was Yolo loam from 
the Armstrong tract at Davis, a soil heavier in texture than that used 
in Berkeley. Great care was used in filling the tubes to avoid strati- 
fication and to insure even packing and uniform volume weight 
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TABLE 2 

Distbibution or Moisture in Capillary Eise Tubes at the End op the 
Experiment. Yolo Sandy Loam (Moisture Equivalent = 16), 
Berkeley, 1922 


Height Per cent of water present (dry basis) 


above water 


table 









tnchea 

41 

42 

61 

62 

81 

82 

101 

102 

1 

23.90 

22.99 

25.11 

25.45 

21.90 

22.85 

22.07 

24.55 

2 

23.93 

23.80 

25.03 

24. 19 

21.30 

23.00 

22.70 

24.80 

3 

23.24 

24.45 

24.70 

23.40 

20.50 

22. 18 

22.87 

25.86 

4 

24.20 

26.25 

28.73 

24.20 

21.30 

25.11 

22.59 

26.39 

5 

24.95 

26.85 

16.23 

23.20 

21.40 

21.12 

22.80 

25.60 

6 

23.33 

27.60 

25.79 

20.10 

22.80 

20.24 


25.22 

7 

25.62 

27.20 

26. 10 

18.80 

22.90 

23.40 

24.60 

25.35 

8 

24.24 

23.99 

26.45 

20.43 

21.70 

23.26 

24.81 

24.08 

9 

23.28 

22.40 

26.70 

21.18 


23.23 

24. 10 

28.30 

10 

23.21 

21.50 

25.20 ! 

25. 50 

22.65 

30.50 

21.55 

26.00 

11 

22.80 

19.75 

24.90 

22.82 

22.55 

21.18 

21.20 

25.30 

12 

22.20 


24.00 


22. 50 

20.20 

22.65 

24. 18 

13 

20.81 

19.95 

24.90 

22.01 

18 . 10 ? 

18.56 

21.43 

27.35 

14 

19.15 

20.40 

24.45 

21.60 

15 . 62 ? 

20.80 

21.42 

22.97 

15 

19.91 

22.57 

23.50 

19.80 

15 . 50 ? 

19.65 


20.78 

16 

18.77 

20.08 

22.35 1 

18.26 

15 . 69 ? 

19.41 

20.89 

18.87 

17 

19.53 

21.70 

22.00 

18.71 

15 . 76 ? 

16.36 

18.44 

16.92 

18 



21.41 

18.60 

16 . 59 ? 

18.34 

18.56 

20.38 

19 


19.94 

17.84 

18.40 


19.74 

19.27 

19.52 

20 

18.51 

22.88 

19.65 

19.50 

16.50 

19.63 

18.43 

18.15 

■ 21 

17.09 

20.79 

20.05 

18.30 

17.38 

19.00 

18.67 

17.84 

22 

18.00 

20.30 

19.07 

17.06 

18.22 

19.40 

17.09 

17.70 

23 

16.21 

20.38 

19.45 

17.13 

16.54 

19.40 

14 . 95 ? 

17.14 

24 

16.70 

16.27 

16.95 

17.29 

15.56 

18.45 

20 . 14 ? 

16.23 

25 

14.05 

17.11 

18.43 

16.95 

14.25 

17.71 

13.67 

16.35 

26 

12.71 

15.82 


16.95 

15.36 

19.65 

16.95 

13.71 

27 

12.16 

15.27 

17.51 

16.84 

14.50 

28.10 

15.50 

15.21 

28 

10.57 

16.89 

16.85 

17.99 

12.72 

15.25 

17.52 

17.17 

29 

12.02 

16.87 

17.15 

16.45 

13.74 

14.36 

14.65 

17.54 

30 



17.06 


13.40 

15.23 

14.63 

15.22 

31 

11.52 

15.32 

16.80 

14.60 

13.56 

15.78 

14.12 

17.16 

32 

12.03 

15.10 

16.90 

16.75 

14.81 

12.48 

13.40 

15.55 

33 

11.13 

14.45 

16.57 

16.18 

14.71 

14.72 

1 15.58 

1 15.02 

34 

11.11 

14.61 

15.91 


14.24 

14.60 

13 . 30 ? 

13.63 

35 


14.55 

15.89 

15.42 

15.20 

15.40 

16 . 40 ? 

14.42 

36 


14.30 


15.35 

13.28 

13.80 

15.38 

15.55 

37 

11.05 

13.52 

15.25 

15.20 

13.90 

14.92 

15.57 

14.70 

38 

10.65 

15.05 

15.28 

15.75 

11.95 

14.00 

14.27 

14.50 

39 

10.60 

12.99 

16.45 

14.39 

11.12 

14.68 

13.27 

14.54 

40 

11.33 

13.01 

14.89 

13.29 

12.44 

13.39 

14. 17 

14.18 

- 41 

9.81 

11.09 

14.93 

14.21 

12.94 

13.38 

14.93 

13.46 
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TABLE 2 — (Continued) 


Height 
above water 
table 
inches 


Per cent of water present (dry basis) 



41 

42 

61 

62 

81 

82 

101 

102 

42 

10.12 

10.50 

15.10 

13.91 

11.46 

14.80 

14.03 

13.99 

43 

8.95 

8.10 

15.04 

13.82 

12.06 

14.00 

14.20 

12.00 

44 

8.47 

10.05 

14.40 

13.70 

13.34 

14.43 

13.04 

13.20 

45 

7.58 

8.62 

16.40 

14.08 

13.50 

14.25 

13.21 

13.98 

46 

6.03 

6.09 

14.94 

13 85 

11.89 

14.33 

12.75 

13.53 

47 

3.33 


15.78 

13.83 

12.74 

14.31 

12.29 

11.64 

48 



15.43 

13.60 

12.16 

13.87 

14.81 

13.64 

49 



13.86 

13. 12 


13.31 

14.53 

13.51 

50 



14.46 

12.15 

10.70 

14.01 

13.92 

11.45 

51 



14 06 

11.96 


14.00 

13.50 

13.78 

52 




12.83 

12.05 

13.25 

12.65 

14.52 

53 



12.90 

12 70 

12.50 

13.96 

13.10 

13.56 

54 



13.67 

12.20 

12.61 

10.38 

13.43 

13.40 

55 



13.60 

12.52 

11 20 

13.10 

13.82 

13.10 

56 




11.53 

12.04 

11.86 

14,78? 

12.82 

57 



13.20 

11 89 

11.33 

13.25 

14.00 

13.73 

58 



12 68 

13.10 

12.26 

14.43 

13.73 

13.07 

59 



11.75 

12. 12 

12.40 

13.04 

14.26 

13 13 

60 



11.54 

12.11 

12.55 

13.32 

13.51 

13.46 

61 



12.35 

14.57 

11.75 

13.90 

13.83 

12.60 

62 



9.15 

11.37 

12.38 

12.46 

15.23? 

12.32 

63 





12.90 

13 01 

13.90 

12.56 

64 



11.20 

8.92 

11.44 

13.28 

14.82 

12.20 

65 



10.57 

8 31 1 

11.22 

13.37 

14.39 


66 



10.10 

8.72 

11.23 

13.92 

14 62 

12.43 

67 



10.05 

4.64 

11.00 

13.81 

14.23 

12.85 

68 ♦ 



9.36 

6.32 


13.50 

14.03 

12.58 

69 



5.77 

3.56 

11.05 

13 61 

13.60 

12.76 

70 



7.90 


10.54 

12.70 

14.20 


71 



4.16 


11.07 

11.85 

14.04 

11.77 

72 





10.34 

13.50 

12.83 

15.14 

73 





11 22 

13.44 

13.52 

20 66 

74 





11.52 

11.71 

13 92 

12.54 

75 






12 05 

14.45 

13.64 

76 





10.85 

11.60 

12.81 

11.46 

77 





11.22 

12. 16 

13.58 

12.11 

78 





11.62 

12.27 

12.51 

19.35 

79 





11.62 

12.05 

13.21 

12.78 

80 





11.37 

11.15 

12.84 

13.15 

81 





11.80 

11.28 

13. 59 

12. 10 

82 





11.90 

10.24 

13.21 

12.00 

83 





11.42 

13.35 

13.02 

13.18 

84 






11.71 

14.75 

10.94 

85 





11.61 

10.85 

11.25 

12.26 
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within the tubes. That this effort was successful is shown by the 
weight of the soil in the duplicate tubes, and by the volume weight 
(table 3). The average volume w’eight was 1.276, with ranges from 
1.262 to 1.293, or expressed as pounds weight per cubic foot, an 
average of 79.66 lbs. with ranges from 78.76 lbs. to 80.73 lbs. A 
representative sample of this soil had a specific gravity of 2.55, indi- 
•cating a pore space of almost exactly 50 per cent. The close agree- 
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ment in the moisture content of the duplicate tubes at the close of the 
experiment also indicates a uniform packing of the soil. 

In this experiment the bottoms of the tubes were set at the same 
elevation, as shown in figure 1, the tops varying by two-foot intervals. 
No forced air circulation was attempted, the normal ventilation and 
circulation of air in the laboratory being relied upon to give com- 
parable evaporation conditions. 



Fig. 1. The eight tubes used in the second experiment, at Davis, showing 
the reservoirs and the bottles that maintained the constant water level. In 
the first experiment, at Berkeley, the tubes were so placed that the tops were 
all at the same elevation and enclosed in a muslin tunnel through which warm 
air was constantly drawn. 

Water was applied to the 10-foot tubes on August 9, to the 6, 8, 
and 10-foot tubes on August 11, and to all the tubes on August 13, 
and daily thereafter until Augu.st 16. As the soil within the tubes 
settled, more soil was added to keep them filled to within ll^ inches 
of the top, and when drainage started, soil was added to completely 
fill the tubes, a small amount of water being added to wet this soil to 
the normal moisture condition. Drainage began on August 18 from 
all except the 10-foot tubes, which began to drain on August 20 and 
21. By September 2 drainage from all tubes had apparently ceased. 

The water level in the reservoirs was adjusted during the drainage 
period by removing the excess water and after that period by adding 
water to the Winchester supply bottles. 
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Amounts of water evaporated , — The experiment was concluded on 
July 21, 22, 23, and 24, 1925, when successive tubes were sampled and 
the distribution of water within the soil columns determined. 


TABLE 3 

Weight op Soil, Water Applied, and Loss op Water by Evaporation prom 
Capili^ry Rise Tubes Containing Yolo Loam (Moisture 
Equivalent = 20), Davis, 1924-25 


Number of tube 

41 

42 

61 

62 

81 

82 

101 

102 

Depth, in inches 

48 00 

47 00 

72 50 

72 25 

96 50 

96.50 

119.88 

121.00 

Average diameter, in inches .... 

8.12 

8 07 

8 06 

8 04 

8.12 

8 08 

8 07 

8.06 

Kilograms soil. .. . 

48 120 

48 100 

72 450 

72 080 

96.074 

97 024 

120 054 

120.800 

Weight per cubic foot, in pounds 

78 83 

80 46 

78 76 

80 73 

79 26 

79 65 

80.02 

79 62 

Volume weight . 

1 263 

1 288 

1 262 

1 293 

1 269 

1.276 

1 282 

1.275 

Water applied, in liters 

15.850 

15 850 

22 850 

22 850 

30.850 

30 850 

40 850 

40 850 

Drainage, in liters 

.520 

530 

1 640 

1 410 

3 290 

3 420 

6.280 

6.570 

Net water retained, in liters .. 

15 330 

15 320 

21 210 

21 440 

27 560 

27 430 

34 .570 

34 280 

Total evaporation, in liters. 

12 000 

12 650 

6 350 

6 890 

3 440 

3 550 

.550 

600 

Period of evaporation, months... 

10.7 

10 8 

10 73 

10 8 

10 73 

10.73 

10 76 

10 8 

Period of evaporation, days 

321 

324 

322 

324 

322 

322 

323 

324 

Evaporation per day, in grams 

37 38 

39 04 

19 72 

21 26 

10 68 

11 02 

1.70 

1.85 

Total evaj^ration^ in sjyface i 

37.47 

39.92 

19 91 

21 71 

10 42 

11 07 

1.72 

1 88 

Evaporation in surface mohes 









monthly 

3 50 

3 69 

1 85 

1 99 

.97 

1 03 

16 

17 


The water used, rate of evaporation and other data are given in 
table 3. The Winchester supply bottles held two liters of water, and 
only a little over 0.5 liter each was used by the JO-foot tubes. The 
supply bottles for tlie 8-foot tubes were renewed on March 9, these 
tubes using about 3.5 liters each. It was necessary to renew the supply 
for the 4 and 6-foot tubes at frequent intervals, though the rate of 
evaporation decreased considerably during the rainy season. The 
6-foot tubes used between 6 and 7 liters each, while the 4-foot tubes 
used over 12 liters. 

When the total use of water is expressed as surface inches evapor- 
ated monthly, the 4-foot tubes show an a^ra^e loss of 3.595 inoh e g , 
the 6-foot tubes an.^verage loss of 1.92 'wdaes, the 8-foot tubes an 
average loss of 1.0 nS^^and the 10-foot tubes an average of only .16£ 
iftdrr- It is felt that ten feet is approximately the maximum height tc 
which this soil can raise water. 

Distribution of water . — The distribution of water within these 
columns was determined by careful sampling by 3-inch sections tc 
a height of 36 inches and by 6-inch sections above that height. The 
results are given in table 4. 
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TABJ.E 4 

Distribution op Moisture in Soil Columns at End op Evaporation Period. 
Yolo Loam (Moisture Equivalent = 20 ) 

(Percentage on oven dry basis) 


Tube numbers 


Distance 


from base 

41 

42 

61 

62 

81 

82 

101 

102 

inches 









0 - 1 

35.19 

34.99 

35.28 

35. 19 

33.71 

33.37 

33.76 

33.58 

1 - 3 j 

34. 13 

35. 18 

34.03 

34.56 

33.36 

33.11 

34.06 

34.32 

3 - 6 

34.01 

35.36 

31.01 

33.01 

34.03 

34.21 

34.17 

34.61 

6 - 9 

31.88 

32.96 

30.97 

31.38 

32.50 

33.88 

33.14 

33.16 

9 - 12 

30.45 

30. 21 

29 . 8.3 

30.22 

32.11 

30 42 

32.81 

33. 13 

12 - 15 

30.09 

28.82 

28.09 

30.32 

31.97 

29.19 

32.31 

31.81 

15 - 18 

27.85 

28.92 

27.64 

28.26 

29.83 

28.77 

30. 49 

29.12 

18 - 21 

27.68 

26.67 

26.00 

25.75 

28.85 

28.25 

28.64 

28.44 

21 - 24 

26.64 

27.27 

25.80 

25.73 

27.97 

26.38 

28.12 

27.79 

24 - 27 

24.02 

25.13 

24.49 

24.23 

27.47 

25.87 

27.29 

27.73 

27 - 30 

22.74 

23.51 

23.88 

24.19 

26.39 

25 00 

26.64 

27.31 

30 - 33 

22. 56 

22.22 

24.00 

24.26 

24.50 

24.38 

25.43 

26.61 

33 - 36 

21.00 

21.73 

22.80 

23.00 

23.99 

23.69 

26.38 

25.41 

36 - 42 

19.62 

19.59 

22.55 

22 51 

22.28 

23.03 

23.66 

24.08 

42 - 48 

16.94 

16.74 

21.82 

21.77 

22 15 

22.22 

22.62 

22.60 

48 - 54 



20.13 

20.88 

21.17 

21.09 

21.22 

21.55 

54 - 60 



18.50 

19.31 

20.64 

20.81 

21.15 

20.47 

60 - 66 



17.16 

17.60 

20.23 

20.71 

20.03 

20.02 

66 - 72 



13.55 

13.62 

20.22 

20 28 ! 

20.01 

20.03 

72 - 78 





19.63 

19.19 

19.19 

19.57 

78 - 84 





16.84 

17.81 

18.51 

18.82 

84 - 90 





15.27 

16.28 

18.46 

18.49 

90 - 96 





11.22 

11.38 

18.23 

18.45 

96-102 







17.96 

17.66 

102-108 







16.14 

16.41 

108-114 







15.05 

15.38 

114-120 







10.20 

10.77 

Drainage 

during 

sampling... 

100 cc. 

70 cc. 

None 

40 cc. 

50 cc. 

50 cc. 

40 cc. 

30 cc. 


It will be noted that the moisture content at the top of the column 
was greatest in the shorter tube, the average for the 4'foot columns 
being 16.84 per cent, for the 6-foot columns 13.59 per cent, for the 
8-foot columns 11.60 per cent, and for the 10-foot columns only 10.49 
per cent. This was not evident in the Berkeley experiment, where the 
soils were sampled by one-inch depths, and the immediate soil surface 
was air-dry and, in the case of the 4-foot tubes, considerably crusted. 
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Fig. 2. The distribution of water in the soils at the close of the experiments, 
after 95 days (b) and 321 days (d) of free evaporation from the surface. (Each 
curve represents the average of two tubes.) 4b, four-foot tubes at Berkeley; 
4 d, four-foot tubes at Davis; 6b, six-foot tubes at Berkeley; 6d, six-foot tubes 
at Davis; 8b, eight-foot tubes at Berkeley; 8d, eight-foot tubes at Davis; 10b, 
ten-foot tubes at Berkeley; IOd, ten-foot tubes at Davis. 
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The graphs in figure 2 show the moisture distribution within the 
tubes from both experiments. The higher water-holding capacity of 
the Yolo loam as compared to the Yolo sandy loam is shown by the 
difference of from 8 to 10 per cent of water at any given height. The 
parallelism of the curves, however, is very striking, although those of 
the Yolo sandy loam tend to have a steeper slope than those of the 
loam. 


CONCLUSIONS 

The Yolo sandy loam and the Yolo loam, wetted to the water table 
by rains or. irrigation, will lift water to the surface at a fairly rapid 
rate where the water table is within four feet, and at a slowei rate 
if the water table is at six feet below the surface. Some water will be 
raised to the surface if the water table is at eight feet, but this appears 
to be close to the limit of such rise, little water being lost from the 
soil with the water table at ten feet below the surface. 

From this it is concluded that with a water table at a depth of 
more than ten feet below the surface, no losses by evaporation from 
the surface would occur from a soil having a capillary capacity similar 
to that of the Yolo sandy loam or Yolo loam. It might be further 
concluded that for sandy loams and loams in general, water tables at 
ten feet or more below the surface would be below the maximum 
height of capillary rise and would result in no movement of water to 
the surface. 
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J. R. BEACHt AND D. E. DAVISt 


INTRODUCTION 

The earliest authentic descriptions of fowl typhoid are those of 
Klein^ in 1889, in England, and of Moore^ in 1895-96, in the United 
States. Klein designated the disease as infectious enteritis and the 
causative organism. Bacillus gallinarum. Moore called the disease 
infectious leukemia of fowls and the causative organism Bacterium 
sanguinarium.^ It has since been determined that these investigators 
studied the same disease, which is now known as fowl typhoid and has 
become recognized as an important cause of mortality of adult fowls 
throughout the world. 

* A brief resume of tliesc studies Wcos contained in the California Agr. Exp. 
Sta. Ann. Rpt. 1924-26: 72. 

t Assistant Professor of Veterinary Science and Associate Veterinarian in 
the Experiment Station. 

t Junior Veterinarian in the Experiment Station. Resigned November 1, 1926. 

$ In Bergey's Manual of Determinative Bacteriology (Williams and Wilkins 
Company, Baltimore, Maryland, 1923), Bacterium sanguinarium (Moore) is classi- 
fied as Eherthella sanguinaria (Moore) and is said to be associated with cholera in 
chickens. The species of organisms stated to be associated with fowl typhoid are 
Eherthella jeffersonii (Hadley), Eherthella pfajfi (Hadley), and Eherthella 
rettgeri (Hadley). Klein’s Bacillus gallinarum is classified as Pasteurella avidda 
(Perroncito), the cause of fowl cholera. This classification is apparently b^ed 
largely upon the studies of Hadley reported in Rhode Island Agr. Exp. Sta. 
Bui. 174. This publication, however, presents E, jeffersonii^ E. pfaffij and E, 
rettgeri as new bacterial types, differing from both the fowl-cholera and fowl 
typhoid organisms. Bact. sanguinarium (Moore) and B. gallinarum (Klein) are 
regarded as identical and as the etiological agent of fowl typhoid. It would 
appear, therefore, that the fowl-typhoid organism is improperly classified in the 
above mentioned manual. For this reason Bact, sanguinarium (Moore), the name 
of the fowl-typhoid organism in common usage in the United States, is used in 
this paper. 
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Some investigators observed a marked similarity between Bad. 
sanguinarium and Bad. pullorum,* the cause of bacillary white 
diarrhea of chicks. As a result, extensive comparative studies of the 
two species were made* especially by Taylor,^ Smith and Tenbreeck,^ 
Rettger and Koser® Goldberg,® and Hadley.^ These investigators con- 
cluded that the two organisms were indistinguishable in their serologic 
reactions but that there were sufficient differences in their action on 
carbohydrate media, in their other cultural characteristics, and in 
their morphology to establish the identity of the two species. 

References in the literature to fowl typhoid are numerous. The dis- 
ease, however, has nearly alwa^^s been described as an acute infection 
of mature fowls, little consideration being given to the role that Bad. 
sanguinanum might play in causing mortality among young chicks. 

The organism in recent years has been recovered from dead chicks 
by several investigators and it therefore can no longer be regarded of 
importance only in connection with fowl tyi)hoid of adults. Panisset 
and Verge® in 1924 reported an epizootic among a small flock of chicks 
in France in which they isolated an organism closely resembling Bad. 
sanguinarium. Stafseth in Michigan, Bushnell in Kansas, and 
Beaudette in New Jersey have stated in personal communications that 
they have occasionally isolated Bad. sanguinanum from chicks which 
they suspected had died from bacillary white diarrhea. Beaudette® 
in 1925 reported the isolation of the organism both from young chicks 
and the ovary of a hen and he stated that 9 of 66 hens in the same 
flock reacted to an agglutination test with Bad. pullorum or Bad. 
sanguinarium antigens. In 1926, Doyle^® reported similar observa- 
tions regarding the occurrence of the infection in chicks and hens. 
He also stated that the examination of 140 eggs from 9 reacting hens 
showed them to be free from Bad. sanguinanum. Disease of baby 
chicks due to Bad. sanguinanum was fii’st observed in this laboratory 
in May, 1921, in chicks submitted for diagnosis. Clinically and in all 
other respects the disease resembled bacillary white diarrhea. Since 
•then the organism has been occasionally encountered in routine 
bacteriological examinations of chicks. 

In November, 1924, opi^ortunity was afforded to make a detailed 
study of an outbreak of disease due to Bad. sanguinarium in a lot of 
chicks which had been obtained for experimental purposes. The con- 
ditions under which the outbreak occurred made it seem possible that 
the infection was acquired by a transmission cycle identical with that 
of Bad. pullorum. Investigations were undertaken to determine 
whether this suspicion was well founded. 

* Classified as Salmonella pullora in Bergey ’s Manual of Determinative 
Bacteriology, p. 218. 
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THE OUTBREAK OP DISEASE IN BABY CHICKS 

On November 14, 1924, 145 chicks were obtained from a commercial 
hatchery for use in a coccidiosis control experiment. These chicks, all 
of which appeared vigorous on arrival, had been shipped in new boxes 
immediately upon removal from the incubator and were about thirty- 
six hours old when received. They were placed in pens which not only 
had been thoroughly disinfected but also had not previously contained 
poultry. The electric hovers, mash hoppers, and drinking fountains 
used ware new and had also been disinfected. These chicks, therefore, 
were not exposed to infection of any kind except that which might 
have been j)resent in the incubator or within or on the shell of the 
egg from which they w^ere hatched. 

The day following that on which the chicks were received, when 
they were about 60 hours old, the death of one chick occurred. Bact. 
sanguinarium was isolated in pure culture. Deaths from this cause 
continued and became so numerous that the coccidiosis control experi- 
ment for which the chicks were secured was abandoned. The outbreak 
of the disease due to Bact. sanguinarmm, however, ])roved of equal 
interest and these chicks were, therefore, held for study and 
observation. 


TABLE 1 

Eecord of Mortality and Kesults op Post-mortem Examination op One 
Hundred and Forty-five Chicks Keceived November 14, 1924 


Time of death 

Num- 

ber 

died 

Per 

cent 

died 

Abnormal 

liver* 

Unabsorbed 

yolk 

Bacterium 

sanguinarium 

isolated 

Bacteriological 

examination 

negative 

Num- 

ber 

Per 

cent 

Num- 

ber 

Per 

cent 

Num- 

ber 

Per 

cent 

Num- 

ber 

Per 

cent 

First week . . . 

29 

20 0 

29 

100 0 

28 

96 5 

27 

93 1 

2 

6 9 

Second week 

23 

15 8 

22 

95 6 

14 

60 8 

22 

95 6 

1 

4 3 

Third week . . 

6 

4 1 

2 

33.3 

3 

50 0 

4 

66.6 

2 

33 3 

After third week ... 

21 

14 5 

4 

19 0 

2 

9 5 

4 

19 0 

17 

80 9 

Total 

79 

54 4 

57 

72 1 

47 

59 5 

57 

72 1 

22 

27.8 


* Abnormalities consisted of uniformly yellowish or mottled yellow and red discoloration or uni- 
formly pale without any marked discoloration. 


A careful autopsy and bacteriological examination was made of 
each chick that died. Microscopic, biochemic, and serologic methods 
were used for identification of cultures. Those that consisted of Gram- 
negative non-motile rods; that produced acid but no gas in dextrose, 
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mannite and maltose broth and did not ferment lactose and saccharose 
broth; and that were agglutinated by positive Bdct, pullorum and 
Bact, sangwirtarium serum but not by positive B. avisepticus serum 
were considered to be Bact. sanguinarium. 

Table 1 gives a record of the mortality and results of post-mortem 
examination of the chicks which died before they were 45 days old. 


DISCUSSION OF BABY CHICK MORTALITY 

The mortality in this lot of 145 chicks during the first 45 days of 
their lives was 79, or 54.4 per cent. Bact. sanguinarium was isolated 
from 57, or 72.1 per cent, of those that died, or 39.3 per cent of the 
total number of chicks. 

Forty-nine, or 85.9 per cent, of the deaths from fowl-typhoid 
infection occurred during the first two weeks. Failure to recover the 
organism was encountered in only 3 of the 52 chicks which died during 
this period. Of the 27 chicks which died after the second week, Bact. 
sanguinarium was recovered from 8, or 29.6 per cent. 

The distribution of abnormal livers and unabsorbed yolks with 
respect to the age of the chicks at the time of death corresponded 
closely to the incidence of Bact. sanguinarium infection. Abnormali- 
ties of the liver were found in 51, or 98.0 per cent of the 52 which died 
during the first two weeks and in 6, or 22.2 per cent, of those which 
died later. Unabsorbed yolk was present in 42, or 80.7 per cent, of 
those which died during the first two weeks and. in 5, or 18.5 per cent, 
of those which died later. 

It can be seen that this outbreak of disease due to Bact. sangui- 
narium resembled in all respects bacillary white diarrhea of baby 
chicks due to Bact. pullorum infection. 


OBSERVATIONS ON THE SURVIVORS 

Twenty-five of the survivors, 20 females and 5 males, were kept 
for further study. An agglutination test with Bact. sanguinarium 
antigen was made on the blood serum of each bird when they were 
six, eight, and twelve months of age. No reactions occurred. One 
bird died when seven months old. No pathological changes were found 
in the ovarj’^ and a bacteriological examination was negative. One 
bird died when ten months of age. The port-mortem examination 
showed three small abnormal-appearing yolks in the ovary. The 
bacteriological examination of the liver, heart blood, and the three 
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yolks was negative. Since negative results were obtained from the 
three agglutination tests and no evidence of Bad. sanguinarium infec- 
tion was found in the two birds which died, no further tests or 
examinations were made of the remaining birds. 

While these studies failed to demonstrate that the survivors of an 
outbreak of fowl typhoid in baby chicks become chronic carriers of 
Bad. sanguinarium they do not preclude the possibility that some did 
become carriers, since only 25 of the 66 survivors were retained for 
observation. 


INFECTION OP THE OVAREES OP HENS 

As stated at the outset, the only possible sources of the infection in 
the chicks seemed to be either the incubators in which or the eggs 
from which they wei*e hatched. Since the nursery trays and nursery 
tray cloths of the incubators were cleaned between hatches and little 
complaint of chick mortality had been experienced by the hatchery 
owner, the eggs seemed the most likely source of the infection. This 
suggested that chronic ovarian infection with Bad. sanguinarium 
might exist in breeding fowls and be transmitted to chicks through the 
egg in the same manner as Bad. puUorum. If this should prove to be 
true, it seemed possible that the carriers of the infection might be 
detected by means of the agglutination test. Permission was obtained 
to collect blood samples for the agglutination test from a portion of 
the flock of 1300 birds that produced the eggs from which the chicks 
were hatched. 

On December 12, 1924, blood was drawn from 196 of the 1300 
birds. The agglutination test was made on each blood sample with 
antigens prepared from both Bad. jmUorum and Bad. sanguinarium. 
Positive reactions were obtained with 32 or 16.3 per cent. 

The degree of agglutinations obtained with the positive sera is 
given in table 2. 

An analysis of table 2 shows: 

1. Partial or complete agglutination with both antigens was 
obtained with 29 of the 32 samples. 

2. Complete agglutination with both antigens in at least one dilu- 
tion was obtained with 22 samples. 

3. In three instances (Nos. 444, 461, 479) there was complete 
agglutination with Bad. pullorum antigen but only partial with Bad. 
sanguinarium antigen. Repetition of the tests with these samples 
gave the same results. 
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4. One sample (No. 416) gave complete agglutination with Bact, 
sanguinariuni antigen but only partial agglutination with Bact. 
pullarum antigen. Repetition of the test with this sample gave the 
same result. 

TABLE 2 

The Reactions to the Agglutination Test of the Positive Sera 


Bird 

No. 

Bact. pullorum 
antigen 

Bact. sanguinarium 
antigen 

Bird 

No. 

Bact. pullorum 
antigen 

Bact. sanguinarium 
antigen 

0.02 mil 
serum 

0.01 mil 
serum 

0.02 mil 
serum 

0.01 mil 
serum 

0.02 mil 
serum 

0.01 mil 
serum 

0.02 mil 
serum 

0.01 mil 
serum 

304 

+ 

=F 

+ 

— 

395 

+ 

4- 

4- 

4- 

315 

4- 


+ 

4: 

415 

+ 

- 

4- 

- 

320 


-f 

4: 

db 

416 

=F 

- 

+ 

— 

325 


- 

=f 

— 

423 

4- 

=F 

— 

— 

341 

4= 



4= 

425 


4- 

4: 

4: 

349 

+ 

— 

- 

— 

432 

=F 

=F 


— 

350 

+ 

-- 

- 

- 

435 

+ 

T 

+ 

4= 

354 

4: 

4: 

4= 

4= 

443 

+ 

4- 

-f 

=b 

365 

+ 

+ 

4: 

4: 

444 

4= 

4- 

=t 

- 

368 


4- 

4= 

4- 

452 

4: 

4= 

4: 

4= 

371 

4= 

4: 

4: 

4= 

456 

4= 

1 4= 

4= 

4= 

373 

4- 


4= 

4: 

461 

4- 

=b 

=F 

— 

381 


4- 

4: 

4= 

464 

4- 

4" 

4= 

4: 

382 

4= 

4= 

4: 

4- 

465 

+ 


+ 

4= 

383 

+ 

— 

4 

4- 

477 


=F 

=F 


304 

4= 

-f 

4- 

4- 

479 

+ 

4- 

=F 

4= 


Explanation of symbols in table: 

Two readings were made of each test at the expiration of 24 and 48 hours, respectively. Only final 
readings were entered. 

.Two dilutions were made by adding 0.02 mil and 0.01 mil of serum respectively, to 1 mil of antigen. 
— indicates no evidence of reaction. 

indicates slight sediment but supernatant fluid turbid. 

=b indicates more sediment than 7 but still a faint cloudiness in supernatant fluid. 

4= indicates that after over-night incubation complete agglutination is present. 

+ indicates that after over-night incubation there was not complete agglutination, but on standing 
for 24 hours longer the fluid cleared up. 

5. Partial agglutination with both Bact. pullorum and Bact. 
sanguinariuni antigens was obtained with three samples (Nos. 325, 432, 
477) . Repetition of the tests with these samples gave the same results. 

6. Complete agglutination with Bact. pullorum antigen but none 
with Bact sanguinarium antigen was obtained with three samples 
(Nos. 349, 350, 423). Repetition of the tests with these samples gave 
the same results. 

The results of the agglutination test indicated that the reacting 
birds were infected either with both Bact. pullorum and Bact. sangui- 
narium or with one of the two species alone, but did not make it pos- 
sible to arrive at a more definite conclusion. In order that informa- 
tion on this point might be obtained 29 of the 32 reactors were secured 
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for autopsy. The three reactors not obtained were numbers 315, 435, 
and 452, all of which had reacted positively with both antigens. The 
birds obtained were examined for abnormalities, particularly of the 
ovary. Cultures were made from the livers, spleens, ovaries, and 
normal and abnormal-appearing ovules and yolks. The results of the 
autopsies and bacteriologic examinations appear in table 3. 


DISCUSSION OP POST-MORTEM AND BACTERIOLOGICAL 

FINDINGS 

Abnormal ovaries were found in all of the twenty-nine reacting 
hens examined. The abnormalities of the ovaries included bloody or 
caseated ovules; yolks varying from a pea to a haxelnut in size with 
a thick opacpie capsule containing yellow semi -solid oily material or a 
clear yellow oily liquid with white flakes in suspension ; small partially 
solidified, blood-tinged yolks; yolks of various sizes with capsule but 
partially filled with a thick yellow or greenish-yellow liquid; solidified 
angular yellow or greenish-yellow or blood-tinged yolks ; and a number 
of small cysts attached to the ovary. 

No correlation was found to exist between the degree of reaction to 
agglutination test of the blood serum of the birds and the extent of 
ovarian abnormalities present. For example, serum from bird 395 in 
which only slight ovarian abnormalities were found, caused complete 
agglutination in both dilutions with both antigens, while serum from 
bird 416, in which extensive abnormalities of the ovaries were found, 
produced partial agglutination in the 1-50 dilution with the puUorum 
antigen, complete agglutination in the 1-50 dilution with the sangni- 
narmm antigen, but no agglutination in the 1-100 dilution with either 
antigen. 

In addition to abnormalities of the ovaries, in seven birds yolk 
material was found in the abdominal cavity. In three of these (365, 
416, 456) the material had the appearance of having escaped from a 
recently ruptured yolk. In the other four cases (341, 350, 383, 423) 
the material was solidified or encapsulated indicating that it had been 
in the abdominal cavity for some time. In two other birds (354, 
464) there was no free yolk material in the abdominal cavity but the 
peritoneum was thickened and opaque suggesting that rupture of a 
yolk had previously occurred in these birds. The o^vner stated that a 
number of the flock had died from ruptured yolk during the preceding 
laying season. None of the latter were given a bacteriological exami- 
nation so it is not known that Bact, sanguinarium was associated with 
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4=4^ 4^4= Dormant 1 solidified, angular, and blood-tinged yolk. 1 large. Liver, spleen, 4 abnormal 2 abnormal yolks Baet. sanguinarium 

bloody yolk, capsule not filled, contents liquid. yolks 
2 small yolks, contents clear, yellow oily liquid, 
contaimng white dakes, capsule opaque 
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contents yellow liquid. Several small abnormal yolks yolks 

yolks of same character 

Active I yolk 1 cm. diameter, capsule thick opaque, contents Liver, spleen, abnormal Abnormal yolks Bad. sanguinarium 

yellow, solidified, 1 yolk 5 mm. in diameter, capsule yolks, normal yolks 
not filled, contents semi-^olid and yellow 



Table 3 — {Concluded) 
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the losses at that time. However, since Bdct, sanguinarium is fre- 
quently found associated with ruptured yolk, and ovarian infection 
with the organism was found to exist in the flock, it seems possible 
that Bact, sanguinarium was present at the time the deaths from 
ruptured yolk occurred and that the ovarian infection may have 
become established at that time. 

Baci, sanguinarium was isolated from abnormal yolks, ovules, or 
cysts in all except 2 of the 29 birds. Included with those from which 
Bact, sanguinarium was isolated were the three birds (Nos. 349, 350, 
423) whose blood serum had given a positive agglutination reaction 
with Bad, pullorum antigen and a negative reaction with Bad, 
sanguinarium antigen. The abnormalities of the ovaries in the two 
birds (Nos. 304 and 395) from which Bad, sanguinarium was not 
isolated, were very slight, consisting of one small, bloody ovule in 
bird No. 304 and two small, flabby yolks in bird No. 395. Failure to 
isolate Bad. sanguinarium from these two cases does not necessarily 
prove, however, that the organism was not present, since it is possible 
that it was present and that we failed to recover it in cultures. 


GENERAL DISCUSSION 

These studies demonstrate that Bact. sanguinarium may produce 
an acute, highly fatal disease of young chicks and a chronic infection 
of .the ovaries of hens which cannot be differentiated from disease of 
chicks and ovarian infection of hens caused by Bact, ptUlorum, except 
by the difference in the cultural characteristics of the organism isolated 
from affected birds. Agglutinins occur in the blood serum of hens 
that are infected with Bad. sanguinarium. However, the ordinary 
routine agglutination test does not serve to differentiate between 
ovarian infection with Bad. sanguinarium and Bad. pullorum because 
serum from a hen infected with the former will cause agglutination 
of antigens prepared from either of the two species of organisms. 
This cross-agglutination makes it possible to detect carriers of either 
Bact. sanguinarium or Bact. pullorum by an agglutination test 
employing Bact. pullorum antigen. It may, therefore, be considered 
as enhancing rather than detracting from the value of the agglutina- 
tion test in the detection of adult hens that harbor infection that may 
be- transmitted through the medium of eggs to offspring. 

Although Bact. sanguinarium was not isolated from eggs laid by 
infected hens, these studies furnish evidence that this organism, like 
Bact. pullorum, is transmitted directly to chicks through eggs laid 
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by infected adults. Deaths among the chicks from Bact. sangumarium 
infection began when they were 60 hours old. It seems quite certain 
that the chicks did not acquire the infection from contaminated 
brooder houses or hovers and very unlikely that the infection orig- 
inated in the incubators or shipping boxes. The only remaining 
source of infection is the parent stock among which chronic ovarian 
infection with Bact. sanguinarium was found to exist. It seems prob- 
able, therefore, that some of the eggs laid by these hens contained 
Bact. sanguinarium, which resulted in infection of the chicks hatched 
from them. 

The origin of chronic infection of the ovaries of the hens with Bact. 
sanguinarium remains undetermined. It has been found that chicks 
that survive an outbreak of disease due to infection with Bact. 
pullorum may continue to harbor the infection and that it usually 
becomes localized in the ovaries. Observations made on 25 of the 66 
chicks that survived the infection with Bact. sanguinarium and were 
kept for one year, however, failed to show that any of them had 
become carriers of the organism. It is in this particular only that 
these studies fail to show that the behavior of Bact. sanguinarium 
in either chicks or adult fowls may be the same as that of Bact. 
pullorum. The facts that losses from ruptured yolk had occurred in 
the flock of hens a year before the studies herein reported were made 
and that Bact. sanguinarium infection is frequently associated with 
ruptured yolk, suggest that the ovarian infection with Bact sangui- 
narium may have then become established. However, no bacterio- 
logical examination of dead birds from this flock had ever been made 
and it was not known that Bact. sanguinarium existed in it before the 
agglutination tests were made. 
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H. A. JONESi 


INTRODUCTION 

The lettuce cro]) is a very important one in California, and the 
product is shipped in considerable (fuantity throughout most of the 
year. The production of lettuce seed is also an important industry". 
While the variety New York is the only one produced for shipping 
fresh, almost all of the imjiortant varieties are grown for seed. The 
growing of lettuce for seed is confined almost entirely to the delta 
lands of the Sacramento and San Joaquin rivers and to the Santa 
Clara Valley. Wherever a large number of varieties are grown in 
close proximity, there arises constantly the question of the danger of 
cross pollination. Pollination investigations reported herein were 
initiated because of this question. The morphological studies reported 
in this paiier were commenced to furnish information needed in order 
to j)rosecute more successfully other lines of investigation that have 
been started on lettuce. 

MATERIAL AND METHODS 

The lettuce seed used for growing the material for the morpho- 
logical studies herein reported, was planted at the University Farm, 
Davis, California, in December, 1923. The variety employed was 
Iceberg. The material for study was killed in formalin-alcohol solu- 
tion, then dehydrated and embedded in paraffin according to the usual 
procedure. Most of the sections were stained in Delafield’s haema- 
toxylin, or safranin and gential violet. 

1 Associate Professor of Truck Crops and Plant Breeder in the Experiment 
Station. 
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DEVELOPMENT OP THE FLOWER 

In order to allow the flowering stem to develop normally it is often 
necessary to quarter the heads or else remove the upper leaves entirely. 
This operation is usually performed before the head becomes hard 
and while the stems are short (fig. 1). If quartering is delayed until 
the stem has become elongated (fig. 2) there is danger of injuring it. 

The oldest flower head terminates the main axis (fig. 3). The 
meristematic region of the receptacle, at first convex (fig. 4), becomes 
flattened and broadened (fig. 5) ; after this there arise, simultaneously 
over the entire surface, the protuberances that give rise to the indi- 
vidual flowers (figs. 3, 6, 9). The protuberances soon become angular 
in outline and the appearance of a marginal ring on each protuberance 
indicates the beginning of the corolla tube (figs. 3, 7, 10). Swellings 
soon appear upon the inside of the corolla tube (figs. 8, 11) and an 
elevated ring of meristematic tissue which gives rise to the pappus is 
formed near the base of the corolla tube and on its outer side (figs. 8, 
11). The stamens and papi)us appear almost simultaneously. These 
observ^ations coincide with those of Martin^^^ on Aster and Solidago, 
The carpels are the last organs of the flower to differentiate (figs. 12, 
13). By the time the carpels appear, the corolla has started to curl 
inward over the top of the flower (fig. 12). The cavity of the ovary 
is. soon formed as a result of the upward growth of the carpellary 
tissue (fig. 13). 


OOGENESIS 

The ovule arises at the bottom of the ovarian cavity. The hypo- 
dermal archesporial cell, which in this case is the megaspore mother 
cell, is differentiated early in the life of the ovule (fig. 14). It is 
easily distinguished by its large size and its deeply staining contents, 
and by its inclusion within a single-layered nucellar tissue. After the 
appearance of the megaspore mother cell, the single massive integu- 
ment becomes increasingly evident (figs. 15, 16). The growth of the 
integument is unilateral and as a result the ovule finally assumes a 
position of complete anatropy (fig. 19). The nucellar cells divide 
anticlinally only, thus allowing for the growth of the megaspore 
mother cell. The nucellus never consists of more than a single layer 
of cells. The ovule is completely inverted by the time the heterotypic 
divisions are initiated. 
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By two successive divisions (figs. 20, 21, 22, 23) the four mega- 
spores are formed. A wall forms between the two daughter nuclei 
after the completion of the heterotypic division. Walls are again 
formed at the completion of the homotypic divisions giving a linear 
series of four megaspores of equal size. The three micropylar mega- 
spores soon degenerate as a result of encroachment upon them by the 
functioning innermost megaspore (fig. 26). Virtually the same 
method of megaspore development has been figured by Merrell^®^ for 
SUphium, by Small^^*^ for Senecio, and by Martin^^^ for Aster and 
Solidago, The nucellar cells abutting on the miieropyle appear to 
enlarge slightly for a time (fig. 26). The rapidly growing embryo 
sac, however, soon crowds the lower cells of the nucellus and the 
degenerating megaspores into the upper end of the micropyle to form 
the so-called nucellar cap (fig. 45). 

The functioning or fertile megaspore enlarges considerably before 
the first division of its nucleus (fig. 26). The first nuclear division 
takes place near the middle of the embryo sac (fig. 27). The daughter 
nuclei then migrate toward opposite ends (figs. 28, 29) and by two 
successive divisions form four free nuclei at the extremities of the sac. 
The polar nuclei move tow^ard the center and finally come to rest just 
above the egg (fig. 32). 

The polar nuclei are rather distant from one another t\vo hours 
before anthesis (fig. 32) and, so far as has been determined, fusion of 
the polar nuclei does not take ])lace until the time of fertilization. 
According to Land,^®^ in SUphium the polar nuclei fuse long before 
fertilization, whereas Nawaschin^*”^ rei)orts their early fusion in 
Helianthus. 

Not more than three antipodal cells were ever observed. Some- 
times they are in .a linear row completely filling the antipodal neck 
of the embryo sac (fig. 62) while in other cases, the two lower anti- 
podals lie side by side with the third cell forming a sort of summit. 
The variability in number reported for SUphium, Aster and 
Solidago, Senecio, Erigcron,'^^*^ and does not seem to 

occur in Lactuca. Schwere^*-^ reports only three antipodals for 
Taraxacum and, according to Small, this number seems to be the 
rule for most of the CichoHaceae, 

The occurrence of two ovules in a single ovary is common (fig. 25), 
and often three ovules w^ere observed. Occasionally an ovule was 
observed with two developing embryo sacs (fig. 25), but in no case 
were two embryos obsen^ed within the same ovule. 

A single layer of inner integumentary cells forms a jacket com- 
pletely surrounding the embryo sac. This layer is very conspicuous 
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before the egg apparatus is mature (fig. 25) and does not entirely 
disappear until the seed is almost ripe. According to Coulter and 
Chamberlain/®^ this layer of cells is nutritive in function. These 
authors also mention a large number of genera in which this nutritive 
jacket has been observed. 


SPERMATOGENESIS 

When the young stamens have reached the stage of development 
shown in figures 34 and 35, a single row of hypodermal archesporial 
cells is already distinguishable. The first periclinal wall cuts off a 
single row of pollen mother cells on the inside (fig. 36), and an outer 
layer, which divides to form the tapetum, the middle layer, and the 
endothecium (fig. 37). The pollen mother cells and their nuclei 
enlarge considerably before the heterotypic division is initiated 
(fig. 37). 

Gates and Rees<^^ made a cytological study of pollen development 
in three species of Lactuca: L, saliva L., L. scanola L., and L, muralis 
Frees. In a single loculus of each species, they found from fifteen to 
twenty pollen mother cells, which in turn produce a total of about sixty 
pollen grains. According to these authors, the pollen mother cells 
frequently separate from each other before synapsis. Figure 38 shows 
the pollen mother cells separated and well rounded off. About the 
beginning of synizesis, or a little earlier, the -tapetal cells become 
binucleate. This latter stage is well illustrated in figure 37. Later 
the tapetal cells become quadrinucleate (fig. 39). 

According to Gates and Rees^^^ there arc nine bivalent chromo- 
somes. They state that at the time of diakinesis ‘‘the nine bivalent 
chromosomes form a graded series which can be arranged in a general 
way in three groups, three of maximum length four or five times as 
long as broad, three of intermediate length, about two or three times 
as long as broad, and three very short and almost cubical. Between 
the stage of diakinesis and the arrangement of the chromosomes on the 
heterotypic metaphase they are condensed to such a degree that there 
remains little observable difference in length between them. ^ ' 

In the homotypic metaphase (fig. 41) the spindles extend in 
opposite planes. According to Coulter and Chamberlain,^®^ this 
method of division is common in the dicotyledons; the two nuclear 
divisions occur before the walls are formed, then all of the latter are 
•formed simultaneously. The method of cytokinesis in Lactuca has 
been studied in detail by Gates and Rees,^*> who state that “after the 
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reduction divisions the cytoplasm of the pollen mother cells begins to 
constrict at four points and these constrictions finally meet at the 
center, cutting the contents of the cell into four parts. The young 
pollen grains so formed alter their shape within the mother-cell wall, 
becoming roughly heptagonal and then secreting a cell wall. The 
mother-cell wall then breaks down and the wall of the pollen grain 
ultimately becomes remarkably thickened and sculptured.'^ 

The pollen grain germinates within the anther. Samples collected 
several hours before anthesis (fig. 44) show two filamentous sperms 
and a vegetative nucleus. The sperms at this time reach about half 
way around the interior wall of the pollen grain. Filamentous sperms 
of this general type in the Compositae have been described by 
Merrell^^^ and Land^^^ for Silphium, and by Nawaschin^'®^ for 
Helianfhus, 

Figure 24 shows a transverse section of a flower head, the anthers 
of which are in the mother-cell stage. This figure shows a large num- 
ber of individual flowei^s that have more or fewer stamens than the 
characteristic number, five. The syngenesious character of the 
androecium is not well illustrated in this figure. 


POLLINATION 

About twenty-four hours before anthesis, the bracts subtending the 
flower head start to open at the summit because of the development of 
the individual flower buds (fig. 84). The buds make a remarkable 
elongation during the twenty-four hours before anthesis. The extent 
of this development can best be seen by comparing figure 84 with 
figure 87. Figure 84 is taken trom the head illustrated in figure 83. 
Figure 87 shows the flower at time when the floral organs are fully 
extended and expanded and the brush hairs of the pistil are covered 
with pollen. Figure 85 shows the flower head two hours before 
anthesis. In figure 86 the pistil is not fully extended; the brush hairs 
that are visible are covered with pollen ; and the stigmatic lobes have 
started to expand. 

Although the lettuce flower is almost entirely self-pollinated, cross- 
ing can take place. When the pistil elongates and pushes its way 
through the anther tube, the brush hail’s on the side of the pistil sweep 
the pollen grains upward out of the pollen sacs of the dehisced anthers. 
According to Oliver,^" ^ the anthers dehisc before the flower head opens 
and when the unexpanded stigmas appear through the staminal 
column they are already covered with pollen. When the stigmatic 
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lobes expand, pollen falls on the stigmatic hairs of the inner surface, 
insuring self-pollination. Knuth^®^ states that when the stigmatic 
lobes expand, they make a complete revolution backwards and the 
stigmatic papillae come into contact with the pollen held by the brush 
hairs of the pistil, thus bringing about self-pollination. It is not 
known definitely whether or not the pollen grains will germinate else- 
where on the pistil than on the stigmatic papillae. 

Oliver^^’^ suggests that crossing may occur in the field if the pollen 
has been washed from the stigmas by rain. Foreign pollen may then 
be brought in by insects. Since rains occur so seldom in California 
during the lettuce blooming season, the danger from this source is 
almost negligible. If self-pollination is brought about, in the manner 
described by Knuth,^®^ there is danger of foreign pollen being brought 
in by insects before the inner surface of the outward curving stigmatic 
lobes have come into contact with the pollen held by the brush hairs of 
the pistil of the same flower. There is also the possibility of differen- 
tial pollen-tube growth between foreign i^ollen and that of self-pollen. 

Observations wre made on methods of natural pollination in the 
White Paris variety of lettuce in June, 1926, at Davis, 

California. A number of flower heads were protected against insect 
visitation. When the stigmatic lobes were fully expanded the pollen 
grains that had fallen on the inner surface of the stigmatic lobes of 
each flower were counted. Seventy flowers were observed. Of these 
58 did not have any pollen grains on the inner stigmatic surfaces. 
The number of pollen grains on the inner stigmatic surfaces of the 
other 12 flowers ranged from 1 to 7. The edges of the stigmatic lobes 
were always covered with pollen, however, as well as the backs of the 
lobes. It was also observed that only occasionally do the stigmatic 
lobes make a complete revolution backwards. 

Even though the anthers dehisc and the pollen grains are in 
contact with the stigmatic lobes and upper portion of the style before 
the latter is extended through the staminal column, Oliver^^^^ states 
he was able to completely depollinate the lettuce flowers by washing 
off the pollen with a fine stream of water from the fully extended 
})istils. This method of depollination has been used by a number of 
investigators. 

With reference to pollination by insects, Knuth^®^ reports different 
species of flies visiting the flow ers. Plies have also been observed visit- 
ing the flow^ers in various lettuce seed fields in California. At Davis, 
California, ^ brilliant green bee, Agapostemon texanus Cresson* was 

2 Identified by Professor T. D. A. Cockerell. 
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found to be the most frequent insect visitor. Several species of 
Halictus^ have also been observed visiting the flowers. The bees that 
visit the lettuce flowers are probably pollen collectors, only. In June, 
1926, a count was made of the number of pollen grains on the surface 
of the stigmatic lobes of flowers that were insect visited. All of the 
seventy flowers observed had pollen grains on the inner stigmatic 
lobes. These ranged in number from 4 to 51. One plant observed 
had 169 flower heads open on June 26. During the short time that 
these were open 88 were visited at least once by insects and some were 
visited a number of times. On the same day another plant had 82 
flower heads open and 60 of these were visited by insects. 

As a protection against insect visitation and to avoid the danger 
of introduction of foreign pollen, some seedsmen enclose the selected 
plants in cloth bags during the entire flowering period. These bags 
may be left on the plants until the seed is han^ested. 

The stigmatic papillae develop from large rectangular cells that 
are very early differentiated. At an early stage of development, these 
cells stain very deeply and possess exceptionally large nuclei. In 
figure 33, these large cells are seen abutting on the nutritive cells 
below. These nutritive layers coalesce below tlie style branches and 
form a single tissue through the style. A single vascular bundle is 
found in each lobe of the stigma. At the stage shown in figure 33, the 
microspores have already escaped from the wall of the pollen mother 
cell and the outer sculpturing is beginning to form. Figure 31 shows 
the stigmatic papillae somewhat elongated. At this stage the embryo 
sac is two-nucleate, as shown in figure 29. 


ANTIIESIS 

In 1925, studies were made of a number of lettuce plants in order 
to determine the waves of anthesis occurring during the season and 
the length of time required for the seeds to ripen. Seed of the Iceberg 
variety was planted in November, 1924. In the early spring of 1925, 
when the plants w^ere about two inches high, they were thinned so 
that they were twelve inches apart in the row. The heads were 
quartered while still soft so as to allow the emergence of the seed stem. 
Ten plants that had flowei^s in bloom for the first time on June 11 were 
selected for study. Table 1 gives the number of flowers in bloom each 
day on the different plants from June 11 to July 30. The taking of 

« Miss Grace Baadhouse of the U, S, National Museum identified one species of 
Baliotus as H. titusi Crawford. 
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records was discontinued after July 30. The flower heads were 
counted each morning at the time of anthesis. 

Lettuce plants show definite fiowering peaks. The data in table 1 
show that almost all the plants reached a fiowering peak in the latter 
part of June. Then a drop to zero occurred in some cases, continuing 
for several days, and then another peak of less magnitude occurred in 
July. The general flowering curve and its minor irregularities due 
mainly to fluctuations in temperature can best be studied when indi- 
vidual plants are considered. The morning after a very warm day 
there is usually a decided rise in the flowering curve; the morning 
after a cool day, there is usually a pronounced drop. The influence 
of temperature is more noticeable during the early than the latter 
part of the flowering period. Although different plants may start 
flowering at the same time, their flowering curves seldom parallel one 
another. Some plants also have more definite flowering cycles than 
others. Those of plants 5 and 7, are not nearly so pronounced as 
those of plants 1, 2, 3, 6, 8, and 9. In figure 109 the flowering and 
seed ripening curves are plotted for plant No. 8. The mean tem- 
perature for the same period is also given. 


RIPENING OP THE ACHENES 

The lettuce flowers are open usually an hour or two only. The 
ligulate corollas then fold tightly together and* do not again open 
(fig. 88, 89). Within two or three days the corollas, dehisced stamens, 
and withered styles and stigmas are shed in a cluster. The bracts 
then close tightly about the developing achenes. This is well illus- 
trated in samples collected three days after anthesis (fig. 91). The 
beak of the young fruit elongates and carries the pappus along in its 
upward growth. The rate of elongation is fairly rapid, as can be 
observed in the different aged fruits in figures 89, 90, 92, 93, and 95. 
These illustrations were made from samples collected 1, 2, 3, 4, and 
5 days after anthesis. Within four or five days after anthesis, the 
pappus begins to appear through the bracts (fig. 94). The growth 
made by the embryo from ten hours after anthesis to the morning of 
the eleventh day are shown in figures 96 to 108C. The embryo in 
each figure has been colored black. The intervals of time between 
anthesis and collection of the samples used for the illustrations are 
as follows : figure 96, ten hours ; figure 97, fourteen hours ; figure 98, 
l^enty-six hours ; figure 99, thirty-four hours ; figure 100, three days ; 

101, four days; figure 102, five days; figure 103, six days; 
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TABLE 1 

Lettuce Anthesis. 1925 


Number of flower heads in bloom 


Date 

Plant 
No. 1 

Plant 
No. 2 

Plant 
No. 3 

Plant 
No. 4 

Plant 
No. 5 

Plant 
No. 6 

Plant 
No. 7 

Plant 
No. 8 

Plant 
No. 9 

Total 

Aver- 

age 

June 11 

1 

1 

1 

1 

1 

4 

3 

2 

2 

16 

18 

12 

9 

1 

2 

3 

0 

9 

5 

4 

0 

33 

3.7 

13 

20 

9 

8 

11 

0 

19 

11 

4 

3 

85 

9.4 

14 

51 

8 

27 

19 

3 

45 

21 

13 

2 

189 

21.0 

15 

59 

24 

31 

68 

2 

33 

30 

18 

3 

268 

29 8 

16 

33 

21 

27 

43 

4 

16 

28 

26 

4 

202 

22 4 

17 

39 

33 

21 

34 

10 

33 

20 

64 

10 

264 

29.3 

18 

48 

33 

25 

24 

7 

61 

23 

63 

12 

296 

32 9 

19 

71 

25 

41 

64 

5 

86 

20 

65 

24 

401 

44.6 

20 

69 

21 

85 

108 

16 

82 

23 

95 

43 

542 

60.2 

21 

55 

27 

117 

101 

61 

72 

21 

117 

67 

638 

70 8 

22 

36 

48 

91 

79 

46 

49 

19 

109 

48 

525 

58 4 

23 

30 

43 

45 

24 

33 

49 

22 

85 

30 

361 

40 1 

24 

27 

57 

69 

42 

67 

51 

34 

116 

52 

515 

57 2 

25 

22 

51 

53 

27 

82 

53 

21 

145 

107 

561 

62 4 

26 

22 

85 

65 

50 

109 

68 

43 

196 

154 

792 

88 0 

27 

61 

100 

84 

47 

96 

72 

52 

170 

140 

822 

91 4 

28 

40 

75 

91 

41 

70 

62 

31 

133 

74 

617 

68 5 

29 

24 

77 

69 

37 

47 

34 

20 

80 

65 

453 

50 3 

30 

14 

42 

46 

19 

28 

10 

26 

39 

38 

262 

29 1 

July 1 

9 

28 

50 

32 

38 

6 

25 

14 

16 

218 

24 2 

2 

5 

22 

42 

23 

48 

1 

32 

2 

15 

190 

21 1 

3 

6 

10 

9 

17 

32 

1 

22 

0 

6 

103 

11 4 

4 

1 

4 

4 

14 

34 

0 

25 

0 

6 

88 

9 8 

5 

0 

8 

8 

16 

43 

0 

22 

0 

12 

109 

12 1 

6 

3 

7 

10 

9 

30 

0 

19 

2 

8 

88 

9 8 

7 

2 

7 

11 

18 

36 

0 

25 

1 

17 

117 

13 0 

8 

3 

7 

13 

24 

40 

0 

19 

0 

24 

130 

14 4 

9 

3 

17 

6 

34 

26 

2 

29 

2 

23 

142 

15 8 

10 

4 

25 

25 

29 

31 

5 

29 

11 

31 

190 

21 2 

11 

5 

40 

23 

49 

37 

5 

25 

25 

34 

243 

27 0 

12 

3 

37 

31 

43 

30 

13 

35 

24 

31 

247 

27 5 

13 

21 

51 

26 

67 

27 

19 

39 

28 

16 

294 

32 7 

14 

27 

45 

52 

72 

23 

25 

49 

44 

16 

353 

39 2 

15 

38 

43 

58 

64 

28 

38 

50 

93 

41 

453 

50 3 

16 

61 

58 

72 

46 

46 

35 

52 

121 

60 

551 

61 2 

17 

55 

46 

63 

25 

43 

46 

53 

103 

41 

475 

52 8 

18 

20 

41 

50 

9 

36 

47 

31 

67 

38 

339 

37 6 

19 

7 

57 

40 


27 

54 

25 

83 

62 

355 

44 4 

20 

2 

44 

31 


18 

52 

9 

71 

35 

262 

32 7 

21 

3 

49 

26 



22 

35 

12 

64 

41 

252 

31 5 

22 

2 

28 

16 



7 

26 

4 

32 

21 

136 

17.0 

23 

0 

31 

15 


17 

16 

2 

39 

33 

153 

19.1 

24 

1 

46 

20 


4 

11 

0 

35 

16 

133 

16.6 

25 

1 

37 

20 


12 

20 

1 

42 

12 

145 

18.1 

26 

4 

43 

14 


8 

12 

0 

19 

18 

118 

14.8 

27 

2 

37 

14 


15 

8 

0 

27 

21 

124 

15.5 

28 

3 

26 

7 


12 

10 

0 

27 

11 

96 

12 0 

29 

9 

35 

21 


11 

21 

0 

40 

19 

156 

19.5 

30 

13 

50 

19 


17 

37 

0 

55 

27 

218 

27.0 

Total 

1.044 

1,760 

1,794 

1,433 

1,485 

1,453 

1,107 

2,615 

1,629 

14,320 
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figure 104, seven days ; figure 105, eight days ; figures 106 and 108A, 
B, and C, eleven days; and figures 107A, B, and C, nine days. On 
the twelfth day (June 24, 1924) the seeds were ripe. The long fila- 
mentous suspensor is very conspicuous in samples collected three and 
four days after anthesis (figs. 100, 101). 

Tn 1925 seed-ripening studies were made on the same plants that 
were used for a study of flowering habit. 


TABLE 2 

Seed Bipenino Data. 1925 


Seed heads mature on plant No 


Date 











Aver- 


1 

9 

3 

4 

5 

6 

7 

8 

9 

Tot^l 

age 

June 22 

0 

0 

0 

0 

0 

4 

0 

0 

0 

4 

4 

23 

2 

3 

0 

0 

1 

0 

3 

0 

2 

11 

1 2 

24 

11 

0 

2 

2 

0 

9 

5 

4 

0 

33 

3 7 

25 

48 

12 

12 

8 

0 

33 

16 

7 

3 

139 

15 4 

26 

86 

24 

41 

41 

4 

60 

55 

32 

6 

349 

38 8 

27 

37 

20 

30 

49 

2 

37 

25 

39 

5 

244 

27 0 

28 

42 

41 

33 

64 

12 

6 

20 

55 

13 

286 

31 8 

29 

43 

21 

22 

30 

3 

84 

22 

48 

12 

285 

31 8 

30 

13 

13 

3i 

32 

6 

27 

6 

15 

10 

155 

17 2 

July 1 

60 

21 

32 

38 

4 

81 

15 

55 

18 

324 

36 0 

2 

66 

23 

58 

33 

19 

06 

21 

100 

47 

463 

51 4 

3 

62 

44 

60 

144 

84 

91 

35 

VH 

89 

803 

89 2 

4 

25 

24 

60 

66 

19 

17 

4 

23 

19 

257 

28 5 

5 

29 

4S 

51 

45 

60 

56 

34 

94 

54 

472 

52 4 

6 

15 

36 

37 

11 

37 

28 

18 

69 

35 

286 

31 8 

* 7 

10 

37 

27 

15 

72 

33 

21 

- 62 

60 

337 

37 4 

8 

20 

62 

57 

41 

59 

62 

24 

93 

91 

509 

56 5 

9 

28 

76 

69 

40 

95 

65 

42 

172 

130 

717 

79 8 

10 

38 

64 

69 

38 

67 

49 

28 

U5 

93 

641 

71 2 

11 

47 

76 

100 

40 

67 

65 

46 

136 

87 

664 

73 8 

12 




50 

57 

39 

49 

119 

02 

406 

67 6 

13 




9 

17 

0 

7 

7 

17 

57 

9 5 

14 




18 

43 

5 

30 

11 

18 

125 

20 8 

15 




19 

44 

1 

19 

5 

14 

102 

17 0 

16 




1 20 


0 

15 

1 4 

8 

87 

14 5 

17 




27 

60 

0 

50 

9 

23 

169 

28 1 

18 





44 

0 

27 

1 

12 

84 

16 8 

19 





68 

0 

37 

6 

49 

160 

32 0 

20 





41 

6 

28 

16 

36 

123 

25 8 

21 





36 

7 

45 

21 

36 

145 

29 0 

22 





19 

6 

17 

18 

25 

85 

17 0 

23 





1 24 

8 

29 

21 

19 

101 

20 5 

24 

1 




20 

9 

35 

22 

18 

104 

20 8 

25 





11 

15 

22 

34 

15 

97 

19 4 

26 





16 

5 

44 

20 

8 

93 

18 6 

27 





16 

22 

12 

44 

29 

123 

24 6 

28 





31 

32 

43 

98 

45 

249 

49 8 

29 





32 

36 

47 

67 

36 

218 

43 8 

Total 

} 

682 

646 

793 

880 

1.230 

1.096 

906 

1.916 

1,274 

9,513 
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Each day all the seed heads which had ripened their achenes were 
counted and then removed. The first seed heads were ripe on June 22, 
as is shown in table 2. Of the nine plants under observation only one 
ripened seed on this day. Some plants did not ripen seed until 
June 24. The average number of flower heads open and the average 
number of seed heads ripe on the different dates from June 11 to 
July 30 are plotted in figure 110. It is thus seen that the two high 
peaks in seed ripening occurred twelve days after the flowering peaks. 
This indicates that the average time from anthesis to fruit maturity is 
about twelve days, under conditions as they existed at the time. If the 
temperature remains high, the ripening of the achenes is hastened, and 
if the average temperature is low, the time from anthesis to fruit 
maturity is increased. 

In counts made on thirty different heads, which were taken from 
several plants, it was found that the number of flowers varied from 
15 to 22, with an average of 18.3. The number of normally developed 
achenes averaged 16.2 to a head. Either a number of the ovules are 
not fertilized or the embryos fail to develop. 


FERTILIZATION 

In June, 1924, a study was made to determine the length of time 
between pollination and fertilization and also the interval between 
pollination and fruit maturity, and other attendant phenomena. The 
study was started the morning of June 12. Table 3 gives a record of 
temperatures taken in the shade of lettuce plants in the field. 

TABLE 3 

Tempekatures in the Shape. June 12, 1924 


Time 

Temperature 
degrees C. 

Time 

Temperature 
degrees C. 

6 A.II. 

12 0 

1 P.M. 

31 0 

6 A.M. . 

13.5 

2 p.m. 

31 8 

7 a.m. 

16 0 

3 P.M. 

31 4 

8 A.M. 1 

21 5 

4 P.M. 

28.8 

9 A.M 

24 0 

5 P.M. 

27.0 

10 a.m. . 

26 5 

6 P.M. 

25.0 . 

11 A.M 

28 6 

8 P.M. 

18 0 

Noon 

29.4 

10 P.M 

14.5 


At 5 A.M. and at 6 a.m. the flowers were still closed. At 7 a.m. the 
corollas were just starting to unfold, and although the stigmas were 
still enclosed within the staminal column, some of the anthers had 
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dehisced. The flowers were fully expanded at 8 a.m. and the pistils 
were fully extended. Eight o’clock is hereafter referred to as the 
time of pollination in this study. 

At 11 o’clock the same morning sperms were first observed in the 
embryo sac. There were only a very few embryo sacs that contained 
sperms at this time. At noon a few more of the embryo sacs had 
sperms in them (fig. 46). By 1 p.m., or five hours after pollination, 
the majority of the embrj^o sacs contained sperms. In samples taken 
at 2 P.M., no fertilization stages were found, but the embryo sacs con- 
tained all stages of development from fertilized eggs to two-celled 
embryos (figs. 47 to 50). The time elapsing between pollination and 
fertilization in lettuce is, then, extremely short. Considering 8 a.m. as 
the time of pollination, it was only three hours before the first fertiliza- 
tion stages were observed, and in less than six hours, fertilization had 
been completed in all the flowers studied. In figure 45, one male cell 
is lying near the egg nucleus. The polar nuclei are fusing, but the 
second sperm destined to unite with the two polar nuclei can not be 
detected. In figure 46, one male cell is in close proximity to the egg 
nucleus, and the other is in contact with the polar nuclei. It appears 
that there is approximately simultaneous union of the three nuclei to 
form the primary endosperm nucleus. 


DEVELOPMENT OP THE EMBRYO 

The embryo of lettuce follows the general type of development 
outlined by Carano^^^ and Soueges^^^^ for other members of the 
Compositae. The term embVyo instead of proembryo is used in this 
discussion. 

After fertilization, the zygote develops a definite wall and elongates 
considerabl 3 ^ The lower or micropylar end is occupied by a large 
vacuole. The large nucleus usually contains two or three nucleoli 
(fig. 47). Divisions are initiated very shortly after fertilization. A 
number of two-celled embryos were found at 2 p.m., three hours after 
the first sperms were observed in the embryo sacs. The first wall is 
transverse. This wall cuts off a terminal cell (fig. 50, a), from which 
develop the cotyledons and epicotyl, as well as a lower cell (fig. 50, &), 
which gives rise to the hypocotyledonary parts of the embryo. The 
upper cell (a) is much the smaller. The basal cell (b) has a large 
vacuole occupying the greater portion of the lower two-thirds, thus 
forcing the nucleus to occupy a terminal position. Both cells of the 
two-celled embryo divide at very nearly the same time. In figure 51, 
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both cells are in anaphase, but cell a is slightly in advance of cell b. 
In figure 52, cell a is in telophase while cell b is still in nietaphase. 
While the basal cells of these tAvo figures are in the same stage of 
development, cell a of figure 53 is somewhat in advance of that of 
figure 52. In figure 54, cell a is in telophase and cell 6. is in anaphase. 
The upper cells of figures 53 and 54 are in approximately the same 
stage of development, but the basal cell of figure 54 is slightly farther 
advanced than that of figure 53. In figure 55, there are two cells in 
tier a; cell b is still in telophase. Thus, it is seen that the division of 
cell b lags slightly behind that of cell a, and as a general rule, the cells 
at the terminal portion of the embryo develop more rapidly than those 
of the basal part. In the four-celled embryo, the two cells in tier a 
are formed by a longitudinal Avail, while cells c and d, daughter cells 
of 6, are formed by a transverse AA^all (fig. 56, 57). The embryo shown 
in figure 56, is as it appears only 6 or 7 hours after fertilization. 

Every cell of the four-celled embryo contributes to the formation 
of the eight-celled embryo. Again, each tier usually divides slightly 
in advance of the one beloAv it. In figure 58, both cells of tier a, and 
also ^ cell c, are in metajihase, while cell d is still in prophase. In 
figure 59, both cells of tier a are in anaphase, one slightly in adA’fince 
of the other; cell c and cell d are in prophase. In figure 60, cell c, 
Avhich is in anaphase, is slightly in advance of both cells of tier a, 
wliich are in metaphase, and of cell d, Avhich is in prophase. In 
figure 61, one cell of tier a is in anaphase Avhile the other is in meta- 
phase ; cell c is in mid-anaphase AAdiile cell d is in prophase. The eight- 
celled embryo of figure 63 Avas obserA-ed in samples collected 20 hours 
after pollination. In this figure, tier a has four cells, and tier c, tAVO 
cells; e and / are daughter cells of d. The quadrants of tier a are 
formed by the develoi)nient of tAvo longitudinal Avails at right angles 
to the initial Av^all. A longitudinal AA’all divides tier c, but e and / have 
been formed from d by a transverse Avail. Thus the three loAver tiers 
of cells in the eight-celled embryo (fig. 63) have been derived from the 
basal cell, and the upper tier of four cells has been derived from the 
terminal cell of the two-celled embryo. While the general plan of 
development of the young embryo is well established, the relative rates 
of development of similar cells in the different embryos are not always 
the same. Doubtless the rates of development and of division of the 
different cells are considerably influenced by the conditions that 
surround them. 

The sixteen-celled embryo is formed by the division of each cell of 
the eight-celled embryo. The cells of tier a are the first to divide. 
The wall dividing each of the quadrant cells of tier a is united with 
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the peripheral wall near ite middle (fig. 64), and with the lower hori- 
zontal wall. Occasionally this wall is attached to the base of the 
vertical walls (fig. 71). When the octants are formed in tier a, the 
embryo is twelve-celled (fig. 64). No more divisions occur in this 
layer until all the tiers of cells below it have undergone division. 
Tier c is the next to divide. In figure 64, both cells of tier c are in 
anaphase and cell e in prophase. Segmenting walls develop at right 
angles to the axial wall and divide tier c into quadrants forming the 
fourteen-celled embrj^o (fig. 65). Cell e divides later by a vertical 
wall forming the fifteen-celled embryo (figs. 66-71). The division of 
cell / lags considerably behind that of cell e. In figure 68, cell / is in 
prophase, in figures 69 and 70, it is in metaphase, and in figure 71, it 
is in telophase. The division of cell / by a transverse w'^all completes 
the sixteen-celled embryo (fig. 72). In the sixteen-celled emjbryo, the 
eight cells of the upper tier are derived from the terminal cell of the 
two-celled embiyo, while the total of eight cells in tiers c, e, g, and h 
have been derived from the basal cell. In the sixteen-celled embryo, 
then, as many cells have been derived from the basal as from the 
terminal cell of the two-celled embryo. This stage was found in 
samples collected 25 hours after pollination. The early development 
of the embryo is \ery similar to that described by Soueges for Senecio, 
In figure 73, tangential "walls have differentiated the dermatogen, 
periblem, and pleronie. In tier e, four cells are formed by the develop- 
ment of vertical walls. Tangential w^alls then differentiate the der- 
iftatogen from four inner cells which are 4he periblem initials. 
Transverse w^alls divide the plerome cells of tier c into a two-celled 
layer (figs, 75, 76). After this a series of longitudinal and transverse 
cell divisions differentiates the plerome of tier c, a four-celled layer 
(fig. 78). This stage of development is reached three days after 
anthesis and at the same time that the cotyledonary elevations are 
first noticeable in tier a (fig. 78). 

It is rather difficult to determine the sequence of wall formation 
in tier g. In figure 76, the first wall appears to be longitudinal, while 
in figure 77, it appears to be transverse. In samples collected exactly 
four days after pollination (fig. 79), transverse and longitudinal wall 
formation had made of tier g a two-celled layer, the upper cells of 
which are the dermatogen initials, and the lower of which contribute 
to the formation of the root cap. Thus tier e contributes the periblem 
initials and dermatogen cells to the young embryo, and tier g con- 
tributes the dermatogen initials and a portion of the root cap. 

The root cap is built up by the division of the lower dermatogen 
cells of tier c, and from the dermatogen cells of tiers e and g. The 
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cells of the root cap are formed by periclinal division of the cells of 
the dermatogen. The method of formation and the development of the 
root cap correspond very closely with that described by Carano^^^ 
for Beilis. 

Tier c contributes the plerome initials, one of which is seen dividing 
in figure 79 A. A definite single cell layer, the pericycle, is already 
differentiated in figure 79 A aud from all appearances has its own 
initials. 

The dermatogen, periblem, and plerome tissues of the hypocotyl all 
arise from different initials. As previously stated, the root cap is 
built up by periclinal division of the lower dermatogen cells and 
dermatogen initials. The suspensor is formed from cell h, and varies 
in length and in the number and method of division of its cells. 


ENDOSPERM 

The divisions of the endospenn nuclei are at first slightly in 
advance of those of the embryo. When the embryo is four-celled, the 
free endosperm nuclei have almost completed their fourth division 
(fig. 80). During the early stages, the divisions of the free nuclei are 
usually nearly simultaneous. This is shown very well in figure 80, 
where six of the dividing nuclei are in telophase, while the other two 
are in late anaphase. This i)arallelism of division, however, is not 
always maintained, for in figure 57, a transverse section of an embryo- 
sac containing an embryo of the same age and stage of development 
as that in figure 80, one endosperm nucleus is in late anaphase while 
the other appears to be in a resting condition. By the time the eight- 
celled embryo is funned, twenty hours after pollination, walls have 
appeared in the endosperm (fig. 81). The endosperm cells at this 
time completely fill the embryo-sac; they are few in number, very 
large and highly vacuolate. The endosperm cells continue to divide. 
They grow with such rapidity for a considerable time as to continue 
to occupy the space within the rapidly enlarging embryo sac. Figures 
98 to 103, showing endospenn development, were drawn from samples 
collected 26 and 34 hours, and 3, 4, 5, and 6 days after pollination. 

The developing embryo rapidly encroaches upon the endosperm, 
digesting and absorbing it. The seventh day after pollination (fig. 
104), the endosperm tissue is almost entirely destroyed. Figure 82, 
drawn from a sample collected three days after pollination, shows the 
outer layers of endosperm cells compressed and fiattened against the 
integument. The walls of the two outer cell layers of the endosperm 
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become somewhat thickened and are very conspicuous during the late 
stages of seed development (figs. 104 108C). This membrane is also 
present in the ripe seed and completely invests the embryo. 

The endosperm cells do not contain much reserve food at any stage 
of their development. They are always highly vacuolate. When the 
seed is ripe, all of the reserv^e food is stored within the cells of the 
embryo, and it is upon this food supply that the growing seedling 
must draw until it starts to manufacture its own food. The nutritive 
layer of the integument, which is very conspicuous during the early 
stages of development of the embryo (figs. 81, 82) is gradually 
absorbed and disappears entirely by the time the seed is mature. 


SUMMARY 

(1) In the development of the flower, the first primordial whorl to 
appear is that of the corolla. The primordia of the stamens and 
pappus are the next to appear, at appi’oximately the same time, while 
the primordial tissue of the carpels is the last to develop. 

(2) The archesporium is the megaspore mother cell. Four mega- 
spores are formed. The inner enlarges to form the embryo-sac. The 
nucellus consists of a single layer of cells. The polar nuclei appear 
to unite at about the time of fertilization. Not more than three anti- 
podal cells were ever observed. A nutritive jacket of integumentary 
cTells completely surrounds the embryo-sac. 

(3) The development of the mierospore precedes that of the mega- 
spore. Very early there is formed a single row of pollen mother cells, 
each giving rise to four microspores. The tapetum, middle layer, and 
endothecium arise from the sister cell of the pollen mother cell. At 
the time of pollination, in addition to the tube nucleus, two sperms, 
filamentous in form, reach about half way around the interior wall of 
the pollen grain. 

(4) The lettuce flower is almost entirely self-pollinated. Pollen 
is shed before the flower head is fully expanded. The pollen is carried 
from the anther tube by the brush hairs on the outside of the 
elongating pistil. 

(5) Lettuce flowers are open for only a short time. The lettuce 
plant as a whole usually shows definite flowering peaks. Plants under 
oTj^ervation at Davis, California, reached a flowering peak in the 
latter part of June and another of less magnitude in July. Minor 
irregularities in the flowering curve are due primarily to fluctuations 
in the temperature. 
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(6) Under the conditions of this study, the average time from 
anthesis to maturity of the achenes was about twelve days. 

(7) Studies made on June 12, 1924, show that fertilization is com- 
plete in less than six hours after pollination. A few sperms were 
observed in the embryo sacs three hours after pollination. Five hours 
after pollination sperms were found in most of the embryo sacs 
studied. 

(8) The zygote divides very soon after fertilization. The first 
wall is transverse, cutting off a small terminal cell which gives rise 
to the cotyledonary and plumule parts of the embryo and a large basal 
vesicular cell, from which develops the hypocotyledonary portions. 
The upper cell divides by a longitudinal wall and the lower by a 
transverse wall, forming the four-celled embryo. Every cell of the 
four-celled embryo, by division, contributes to the formation of the 
eight-celled embryo. In the sixteen-celled embryo, as many cells have 
been derived from the basal as from the terminal cell of the two-celled 
embryo. At this stage there are five tiers of cells. The upper tier of 
eight cells contributes the cotyledons and plumule. The second tier 
of four cells gives rise to all the primary tissues of the hypocotyl and 
plerome initials, the third tier of two cells produces dermatogen cells 
and periblem initials. The fourth tier (one celled) contributes the 
dermatogen initials and a portion of the root cap, while the fifth tier 
or basal cell develops into a many-celled filamentous suspensor. Cells 
of the root cap are formed by periclinal division of the cells of the 
dermatogen, 

(9) The divisions of the free endosperm nuclei at first precede 
those of the embryo. By the time the embryo is eight-celled, walls have 
appeared in the endosperm. A two-celled endosperm layer persists 
in the lettuce seed ; all other endosperm tissue is digested and absorbed 
by the embryo before the latter mat\ires. 
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EXPLANATION OP PLATES 

ABBREVIATIONS 

m.a., main axis; t./!., terminal flower head; r., receptacle; cor., corolla; st, 
stamens; pa., pappus; carp., carpels; in., integument; nuo., nucleus; tn.m., 
megaspore mother cell; o.c., ovarian cavity; peri., pericarp; m., megaspores; hr., 
bracts; ov., ovule; e.8,, embryo sac; micro., micropyle; a., style; anth,, anther; 
p.n., polar nuclei; ayn., synergids; n.c., nucellar cap; ap., sperms; v.n., vegetative 
nucleus; n.j., nutritive jacket; vac., vacuole; t.c., tapetal cells; p.m.c., pollen 
mother cells; a.c., archesporial cells; epi., epidermis; a.p., stlgmatic papillae; 
ie., tetrads ; e.n., egg nucleus ; der,, dermatogen ; n.t., nutritive tissue ; endo., endo- 
thecium ; m.l., middle layer ; der. i., dermatogen initials ; perL, periblem ; peri, i., 
periblem initials; pi., plerome; pl.i., plerome initials; r.c., root cap; peric., 
pericycle; endo., endodermis; en., endosperm; emh., embryo; auap., suspensor. 



PLATE 1 

All figures ca. X 30. 

Fig. 1. Terminal portion of central axis. Heads soft, in best condition for 
quartering or removing upper leaves to allow the emergence of seed stalk. 

i^g. 2. Terminal portion of central axis. Heads in prime condition for 
cutting for market. 

Fig. 3. Terminal portion of central axis. 
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PLATE 2 

Pigs. 4 and 5. Receptacles, convex in* figure 4 and fiattened* in figure 5. 
Ca. X 65. 

Pig. 6. Plower head with protuberances that give rise to the primordia of 
the fioral organs. Ca, X 65. 

Pig. 7. Plower head showing the appearance of the corolla. Ca. X 65. 

Pig. 8. Plower head, showing the corolla, stamens, and pappus. Ca. X 65. 

Fig. 9. Detail of protuberance that later gives rise to flower primordia. 

Pig. 10. Detail of early development of corolla. 

Pig. 11. Individual flower. Co. X 345. 
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PLATE 3 

Figs. 12 and 13. Development of floral organs. Ca, X 345. 

Figs. 14 to 16. Developing ovule with niegaspore mother cell, shaded. Ca, 
X 700. 
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PLATE 4 

Fig. 17. Longitudinal section through flower. Anthers in mother cell stage. 
Ovule in stage of development shown in figure 14. Ca. X 30. 

Fig. 18. Transverse section through ovary and ovule. Megaspore mother cell 
and nucellus shaded. Megaspore mother cell in about the same stage of develop- 
ment as shown in figure 19. Ca. X 700. 

Fig. 19. Ovule, showing large fleshy integument, the single layered nucellus, 
and the mature megaspore mother cell. Ca. X 700. 
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PLATE 5 

All figures oa, X 700. 

Pig. 20. Metaphase of heterotypic division of the megaspore mother cell. 
Fig. 21. Metaphase of homotypie division of the daughter cells. 
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PLATE 6 

All figures ca. X 700. 

Fig. 22. Telophasic division of the two daughter cells. 
Fig. 23. Tetrad of megaspores. 
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PLATE 7 

All figures ca, X 30. 

Pig. 24. Transverse section through entire fiower head. Anthers in pollen 
mother cell stage. 

Pig. 25. Transverse section through fiower head. Sample collected 5 A.M., 
June 12f 1924, three hours before pollination. Note the ovary with two ovules, 
one of which has two embryo sacs. 
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PLATE 8 

Pig. 26. Growth of the functioning megaspore and degeneration of the three 
lower (micropylar) megaspores. Co. X 700. 

Fig. 27. Embryo sac with two nuclei. Ca. X 700. 

Fig. 28. Embryo sac with two nuclei, the latter migrating toward the poles. 
Ca. X 700. 

Fig. 29. Longitudinal section of entire flower with ovule in same stage of 
development as shown in figure 28. The tetrads have escaped from the wall of the 
pollen mother cell. Ca. X 30. 

Fig. 30. Embryo sac with four nuclei. Co. X 700. 

Fig. 31. Stigmatic papillae from inner surface of stigmatic lobes in stage of 
development shown in figure 29. Co. X 700. 

Fig. 32. Portion of mature embryo sac. Co. X 700. 
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PLATE 9 

All figures ca. X 700. 

Fig. 33. Transverse section through stigmatic lobes. Stigmatic hairs develop 
from the deeply stained, elongated, large-nucleate cells. 

Figs. 34 and 35. Longitudinal sections of young anthers showing single row 
of archesporial cells. 

Fig. 36. Four archesporial cells have divided and cut off pollen mother 
cells on the inside. 
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PLATE 10 
All figures ca. X 700. 

Fig. 37. Single row of pollen mother cells and two-nucleate tapetal cells. 

Fig. 38. Mother cells rounding off. 

Fig. 39. Metaphase of heterotypic division of pollen mother cells. Four- 
nucleate tapetal cells. 

Fig. 40. Late anaphase of heterotypic division of pollen mother cells. 

Fig. 41. Metaphase of homotypic division of the daughter cells. 

Pig. 42. Transverse section of pollen sac. Tetrads enclosed within the 
wall of the pollen mother cell. 

Fig. 43. Tetrads rounding off. 

Fig. 44. Mature pollen grains, showing filamentous sperms and vegetative 
nucleus. Sample collected at 5 a.m., June 12, 1924, three hours before the time 
,of pollination. 
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PLATE 11 


All figures oa. X 700. 

Pig. 45. Fertilization: sperm nucleus within the egg cell; polar nuclei fusing. 
One P.M., June 12, 1924, five hours after pollination. 

Fig. 46. Fertilization: one sperm nucleus in egg cell, the other in contact 
with the two polar nuclei, noon, June 12, 1924, four hours after pollination. 

Pig. 47. Fertilized egg. Two p.m., June 12, 1924, six hours after pollination. 

Pig. 48. First division of the zygote: metaphase. Two p.m., Ju^je 12, 1924, 
six hours after pollination. 

Fig. 49. First division of fertilized egg: telophase. Two p.m., June 12, 1924/ 
six hours after pollination. 

Fig. 50. Two-celled embryo: a, upper; h, lower. 

Pig. 51. Two-ceired embryo; cell a and cell b in late anaphase. Five P.M., 
June 12, 1924, nine hours after pollination. 

Fig. 52. Two-celled embryo: cell a in telophase and cell b in metaphase. 
Five P.M., June 12, 1924, nine hours after pollination. 

Pig. 53. Cell wall being formed in cell a; cell b in metaphase. Five P.M., 
June 12, 1924, nine hours after pollination. 

Fig. 54. Cell a in telophase; cell b in anaphase. Five p.m., June 12, 1924, 
nine hours after pollination. 

Fig. 55. Three-celled embryo: tier a two-celled; cell b in telophase. Five 
P.M., June 12, 1924, nine hours after x>ollination. 

Fig. 56. Four-celled embryo: c, and d, daughter cells of b. Six P.M., June 12, 
1924, ten hours after pollination. 
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PLATE 12 
All figures oa. X 700. 

Fig. 57. Four-celled embryo: transverse section through tier a. Nuclei of 
both cells in prophase; one of the endosperm nuclei in anaphase. Eight P.M., 
June 12, 1924, twelve hours after pollination. 

Fig. 58. Four-celled embryo: both cells of tier a in prophase, cell o in meta- 
phase, and cell d in prophase. Eight p.m., June 12, 1924, twelve hours after 
pollination. 

Fig. 59. Four-celled embryo: both cells of tier a in anaphase, one slightly in 
advance of the other; cells o and d in prophase. Eight P.M., June 12, 1924, twelve 
hours after pollination. 

Fig. 60. Four-celled embryo: both cells of tier a in mcta phase, cqll o in ana- 
phase, and cell d in prophase. Eight p.m., June 12, 1924, twelve hours after 
pollination. 

Fig. 61. Four-celled embryo: one cell of tier a in late anaphase, the other in 
metaphase; cell c in anaphase; and cell d in prophase. Ten p.m., June 12, 1924, 
fourteen hours after pollination. 

Fig. 62. Antipodals. Eight p.m., twelve hours after pollination. 

Fig. 63. Eight-celled embryo: tier a, four-celled; tier c, two-celled; e and f, 
daughter cells of d. Four A.M., June 13, 1924, twenty hours after pollination. 

Fig. 64. Twelve-celled embryo: tier a, eight-celled; both cells of tier o in 
anaphase; cell e in prophase. Ten a.m., June 13, 1924, twenty-six hours after 
pollination. 

Fig. 65. Fourteen-celled embryo: tier a eight-celled; tier o four-celled; cell e 
in metaphase. Ten A.M., June 13, 1924, twenty-six hours after pollination. 

Figs. 66 and 67. Fifteen-celled embryo: tier a eight-celled; tier o, four-celled; 
tier c, two-celled. Ten A.M., June 13, 1924, twenty-six hours after pollination. 

Fig. 68. Fifteen-celled embryo: cell / in prophaso. Ten a.m., June 13, 1924, 
twenty-six hours after pollination. 

Figs. 69 and 70. Fifteen-celled embryos: cell / in metaphase. Ten A.M., 
June 13, 1924, twenty-six hours after pollination. 

Fig. 71. Fifteen-celled embryo: cell / in telophase. Ten a.m., June 13, 1924, 
twenty-six hours after pollination. 
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PLATE 13 
All figures ca. X 700. 

Pig. 72. Sixteen-celled embryo: tier a, eight-celled; tier o, four-celled; tier fi. 
two-celled; g and h, daughter cells of /. Ten A.M., June 13, 1924, twenty-six 
hours after pollination. 

Figs. 73 and 74. In tiers a and o, dermatogen cells have been cut pff ; in tier 
Cf i)eriblem and plerome cells have been differentiated. Six p.m., June 13, 1924, 
thirty-four hours after pollination. 

Pig. 75. One cell of the plerome in tier o has divided transversely. Der- 
matogen cells and periblem initials have been differentiated in tier e. Six A.M., 
June 14, 1924, forty-six hours after pollination. 

Fig. 76. Both plerome cells of tier o have been divided into two by transverse 
walls. Six A.M., June 14, 1924, forty-six hours after pollination: 

Fig. 77. Tier o has become a 3- to 4-celled layer. Eight A.M., June 15, 1924, 
three days after pollination. 

Fig. 78. Cotyledonary swellings appearing. Eight a.m., June 15, 1^24, three 
days after pollination. 

* Fig. 79. Lower portion of embryo. Cells of root .cap (shaded); dermatogen 
cells with nuclei shown. Eight a.m., June 16, 1924, four days after pollination. 
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PLATE 14 
All figures ca. X 700. 

Pig. 79a. Lower portion of embryo. Cells of root cap (shaded), and der- 
matogen cells with nuclei shown. Eight a.m., June 16, 1924, four days after 
pollination. 

Fig. 80. Four-celled embryo: fourth division of the free endosperm nuclei. 
Eight P.M., June 12, 1924, twelve hours after pollination. 

Fig. 81. Eight-celled embryo: walled endosperm cells. Pour a.m., June 13, 
1924, twenty hours after pollination. 

Pig. 82. Longitudinal section of embryo sac showing endosperm tissue just 
above the developing embryo. Eight a.m., June 15, 1924, three days after 
pollination. 
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PLATE 15 
All figures ca. X 5. 

Pig. 83. Flower head twenty-four hours preceding anthesis. 

Fig. 84. Single bud of head shown in figure 83. 

Fig. 85. Flower head two hours preceding anthesis. 

Fig. 86. Single flower, just before full bloom. Pollen-covered pistil not 
fully extended. 

Pig. 87. Single flower in full bloom. Pistil is fully extended and covered 
with pollen. 

Fig. 88. Twenty-four hours after anthesis. Withered corollas, stamens, and 
styles still attached. 

Fig. 89. Individual flower from head shown in figure 88. 

Fig. 90. Developing achenes; forty-eight hours after pollination. 

Fig. 91. Seed head three days after pollination. 

Fig. 92. Developing achenes from head shown .in figure 91. 
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PLATE 16 

Figs 93 to 95 ca. X 5; figs. 96 to 102 co. X 30. 

Fig. 93. Developing achene four days after pollination. 

Fig. 94. Seed head five days after pollination. 

Fig. 95. Developing achene six days after pollination. 

Figs. 96 to 102. Longitudinal sections through the developing fruit. 
Fig. 96. Six P.M., June 12, 1924, ten hours after pollination. 

Fig. 97. Ten p.m., June 13, 1924, fourteen hours after pollination. 
Fig. 98. Ten A.M., June 13, 1924, twenty -six hours after pollination. 
Fig. 99. Six P.M., June 13, 1924, thirty-four hours after pollination. 
Fig. 100. Six A.M., Juno 14, 1924, forty-six hours after pollination. 

Fig. 101. Eight A.M., June 16, 1924, four days after pollination. 

Fig. 102. Eight A.M,, June 17, 1924, five days after pollination. 
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PLATE 17 
All figures ea. X 30. 

Fig. 103. Eight A.M., June 18, 1924, six days after pollinatioiu 

Fig. 104. Eight A.M., June 19, 1924, seven days after pollination. 

Fig. 105. Seven a.m., June 20, 1924, eight days after pollination. 

Fig. 106. Eight A.M., June 23, 1924, eleven days after pollination. (The fol- 
lowing day the achenea of the same age were ripe.) 

Fig. 107. Transverse section through developing achenes. Eight A.M., June 21, 
1924, nine days after pollination. A, radicle; B, cotyledons and plumule; C, 
cotyledons. 

Fig. 108. Transverse section through developing achene. Eight a.m., June 23, 
1924, eleven days after pollination. A, radicle; B, cotyledons and plumule; C, 
cotyledons. 
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PLATE 18 

Fig. 109. Flowering and seed ripening curves for plant No. 8. Mean tem- 
perature is given in degrees Fahrenheit. 

Fig. 110. Flowering and seed ripening curves. Average of all plants. 
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THE APPLICATION OF HYDRODYNAMICS TO 
IRRIGATION AND DRAINAGE PROBLEMS* 

ORSON W. ISRAELSEN 


The maintenance of soil fertility in irrigated regions depends ir part 
on control of the movement of ground waterf and of soil moisture. It 
is apparent that knowledge of the laws governing the flow of water in 
soils is essential to the effective control of its movement. Much experi- 
mental work has been done on the movement of water in soils but 
comparatively little use has been made of the fundamental laws of 
motion, either as a guide to experimental procedure, or in the inter- 
pretation of the experimental observations. Intelligent guidance to 
irrigation engineers, to managers of irrigation systems, and indeed to 
practical irrigators^ in the proper use of irrigation water and in the 
solution of problems in the maintenance of soil fertility which arise 
from its improper use, is dependent on a knowledge of the laws which 
control the movement of water in soil. It is, therefore, important that 
experimenters studying movement of moisture in soils should ascertain 
to what extent the fundamental laws of motion of fluids advantageously 
may be applied to their problems. 

Hydrodynamics is that branch of physics which deals with the 
motion of fluids. The tenn fluids includes both liquids and gases, but 


* A thesis submitted to satisfy in part the requirements of the University of 
California for the degree of Doctor of Philosophy. 

The term ground water as here used refers to that water which completely 
_ the pore spaces in the soil; whereas the term soil moisture signifies the water 
which exists in the capillary form and which does not ordinarily completely fill 
all of the soil pore space. 
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the purposes of this paper require only a study of liquids. The science 
of hydrodynamics is essentially mathematical. To simplify the mathe- 
matics, it is customary in the preliminary analysis to assume that the 
fluids dealt with are frictionless and hence that they support only 
normal stresses. The fluids are also assumed to be continuous through- 
out the space considered. 

In preparing this paper the writer has realized that some of his 
readers may find difficulty in following the mathematical methods 
employed. It is hoped, however, that those who have some knowledge 
of the elementary calculus will be able to understand the analysis. 
The most general case of the dynamics of deformable bodies involves 
tedious analytical difficulties, a consideration of which the purposes of 
this paper do not require. The basic courses in mechanics for engineers 
as. usually taught are concerned primarily with rigid or semirigid bodies, 
and the college courses in hydraulics usually include only Ihe applica- 
tions of a few elementary principles of hydrodynamics. The law 
of conservation of energy is used in the development of Bernoulli's 
Theorem and this furnishes the primary hydrodynamical background 
in hydraulics. 

The equation of continuity, although extensively employed in the 
solution of problems in hydraulics, is seldom either written or derived 
in its general form. Since hydraulics deals largely with non-com- 
pressible liquids and with one-dimensional flow, the use of Bernoulli’s 
Theorem as the basis for the equation of motion, and the use of the 
equation of continuity in a restricted sense serves the needs fairly well. 
However, the more general hydrodynamical equations are serviceable 
in a complete study of the motion of ground water and of soil moisture. 

In a study of capillary phenomena, soils investigators have generally 
used the term capillary attraction in a qualitative sense only. The 
measurement of this attraction in soils is not readily accomplished by 
direct methods. However, hydrodynamics makes it possible to measure 
resultant capillary attraction by indirect means, as is shown later. It 
is generally known that pressure differences from point to point in a 
liquid give rise to motion from points of high to those of low pressure 
where other forces such as gravity are not involved. For example, 
consider the flow of water in a level pipe line. Here the driving force 
is dependent upon the space rate of change of pressure. The influence 
of pressure differences on the flow of liquids has an important bearing 
on the study of the movement of capillary moisture. 

In addition to a consideration of the fundamental hydrodynamical 
equations, the primary purpose of this paper is briefly to review the 
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efforts which have been made to apply the principles of hydrod 3 mamics 
to the solution of soil-moisture problems and to indicate the possible 
outlook for future investigations. The preliminary analysis presented 
herewith is somewhat general in character and applies both to gases 
and liquids. The application of the more general equations to irriga- 
tion and drainage problems permits some restrictions which are pointed 
out as the work proceeds. Before developing the general equrtion of 
motion, and the equation of continuity in its general form, brief reference 
is made to the forces which influence the flow of water in open channels 
and in pipes. 

Among irrigation and drainage engineers, it is common knowledge 
that the velocity of water flowing in open channels and in pipes is 
determined by two classes of forces, namely, the driving forces and the 
resisting forces. When a headgate is suddenly opened, permitting 
water to enter a canal, its velocity is accelerated Ijecause the driving 
forces, Fd, in a down-stream direction parallel to the canal bed at the 
outset are greater than the resisting forces, Fr, in the opposite direction. 
The resisting forces are dependent on the velocity since without motion, 
there is no friction and Fr is zero. For the velocities encountered in 
most open channels, Fr seems to vary directly with the square of the 
velocity, and, as the velocity increases, Fr is increased until finally it 
becomes equal to Fd. According to Newton’s Second Law, letting “a” 
equal the acceleration in the direction of flow we may write for a given 
elemental volume of water of mass “m,” the equation 

ma-Fd-Fr ( 1 ) 

It is evident from equation (1) that when Fr equals Fd, “a” equals zero. 
Using this basic equation, together with the fact that the resisting 
forces are a function of the velocity, Ganguillet and Kutter developed 
the well-known Chfezy-Kutter formula, V’ = C\/fi'S in which, 

V “Velocity, usually designated in feet per second. 

C=the Kutter coefficient which is a function of the roughness of 
the channel “n,” and also of R and S. 
ii“the hydraulic mean radius in feet. 
iS“the slope. 

Further attention is given this equation after a consideration of the 
basic elements of hydrodynamics. The fundamental hydrodynamical 
analysis which follows is not new to science but applications of the 
hydrodynamical equations and methods to irrigation and drainage 
problems are essentially new. 
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FUNDAMENTAL HYDRODYNAMICAL ANALYSIS 


Consider the motion of an elemental volume of fluid in a frictionless 
medium under the influence of extraneous forces, such as gravity, and 
also of resultant pressure forces. 

The acceleration of a moving particle at a point P, the coordinates 
of which are x, t/, 2 , is found as follows: At the point P the particle 
has a velocity V and component velocities of F*, Fy, and F*. From 
P the particle moves to Q, the coordinates of which are x+bx, y+by^ 
z+bZj in the time bL In going from P to 0 the particle is ‘taking a 
step forward in space and also a step forward in time.’’ The increase 
in the X component, F*, of the velocity, F, is therefore the «um of the 
products obtained by multiplying the rates of increase of F, in the x^ 
the y, and the z directions by the displacements in the respective direc- 
tions, plus the rate of increase with time multiplied by the interval 
of time. In mathematical language this change in the X component 
of the velocity is 


SV^^^8x+^dy+—5z+^dt 
dx dy dz dt 


( 2 ) 


As the change in velocity bVx occurred in the interval of time bi^ 
. dividing equation (2) by bt gives the time rate* of change of velocity, 
which is the acceleration. 

Therefore, the X component of the acceleration is 

a gx ydVx by^dVx bz ^ dVx 

bt dx bt ^ dy bt dz bt dt ^ 


But since by definition 




F,= 


bz 

¥ 


equation (3) becomes, after substituting values of bx/bt, by/ bt and bz/bt 


az 



+v^+v, 

dy 


dz 


dV^ 

dt 


( 4 ) 


Ck>nsider now the pressure forces acting on the elemental volume 
in a moving fluid. The resultant pressure on the elemental volume in 
the X direction may be found by reference to a rectangular parallel- 
opiped within the fluid as illustrated in flgure 1. 
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Fig. 1 . An elemental volume within a moving fluid. 


Let p be the pressure at the center of the elemental volume of which 
the lengths of the edges are dx, dy, dz. Let p be the density, or the mass 
in unit volume, and let F*, Vy, F„ be the component velocities at the 
point P, The average intensity of pressure oh the face A BCD is 


hence, the total pressure on the face A BCD is 


( dp dx\ 

v-i -2} 

EmH is - {p+^ ^dydz 


Likewise the total pressure on the face 
(b); i.e., directed toward the yz 


planCi. Hence, the resultant pressure in the x direction, found by 


adding (a) and (b), is ——dxdydz. Let Fx, Fy, and F, be the com- 

dx 

ponents of the extraneous forces per unit mass of the fluid. The mass 
in the elemental volume is pdxdydz and hence FxpdxdydZj FypdxdydZj 
and F, pdxdydz are the resultant components of the extraneous forces 
on the elemental volume. Now as dx, dy, and dz may arbitrarily be 
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made very small, the elemental volume may be considered as a particle 
and hence by Newton’s Second Law there results for the X direction, 


pdxdydz a»= 



dxdydz 


( 6 ) 


The right hand member of (5) is the sum of the resultant X components 
of the forces on the elemental volume. Dividing by the elemental 
mass and substituting from (4) the value of a» gives 


+F.— =F*-- ^ 
dt dx dy dz p dx 


( 6 ) 


Equation (6) is the general equation of motion in the x direction for 
fluids in which friction is neglected. It is apparent that equations for 
motion in the y and z directions may be similarly derived. • 

In the analysis of the motion of perfect fluids two classes of motion 
are encountered, namely, rotational and irrotational motion. For the 
purpose of this paper only irrotational motion need be considered, and 
in this class of motion the velocity at any point may be derived from a 
potential. It is, therefore, desirable to define the term potential, and 
to consider somewhat fully the meaning of potentials, before applsdng 
the general equation of motion to irrigation problems. 

The potential at any point P is defined as the negative line integral 
of the vector from some reference point to the point P, provided the 
magnitude of this integral has only one value. In mathematical 
language th^ potential is, therefore, 

{E^x+Eydy+E^z) ( 7 ) 

J Po 


where Ex, Ey, and Ez are the components of the vector E along the 
X, Y, and Z axes respectively. 

It follows from the definition of a potential that in a gravitational 
field every point is characterized by a gravitational potential, in an 
electrical field by an electrical potential, in a capillary field or a mokt 
soil by a capillary potential. The above potentitds, together with some 
ethers, may be classed as a group of energy potentials since the line 
integrals are summations of force multiplied by distance. Under 
certain conditions, as briefly mentioned above, the velocity at every 
point is derivable also from a potential. The potential from which 
the velocity may be derived is called a “velocity potential.” It is 
subject to all the mathematical operations of the energy potentials but 
differs in some properties as will be shown later. 
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The energy potentials as commonly used are further defined as the 
work done on existing forces in bringing unit mass from a specified 
reference point to any other point. For example, consider the work 
done on gravitational forces in moving unit mass from one point to 
another under the following conditions. Select a system of two bodies, 
one having a mass M and one having unit mass. When separated by 
a distance r, the attraction between these two lx)dies according to the 


inverse square law is E= — where fc is a constant, depending for 

its magnitude on the units used and considering r positive from M 
toward the unit mass. Therefore the work done on the gravitational 
forces in bringing the unit mass a differential distance dr directly toward 

the mass M is dw = — \ —'~dr 

L r2 


The work W done on the gravitational forces in bringing the unit 
mass directly from the point Pq to the point P distant respectively Ro 
and R from il/, therefore, is 

W=-[-^^r=-kM\- (8) 

IR RoJ 


Let the point Po be an infinite distance from M and equation (8) becomes 



In the gravitational region infinity has been selected as the reference 
point. Equation (8a), therefore, gives the gravitational potential at 
the point P, whicTi is distant R from ilf, i.e., the work done on the 
gravitational forces in bringing unit mass from infinity to the point 
in question. A clear conception of the gravitational potential, which 
is determined by the familiar force of attraction, ihe magnitude of 
which is expressed by the inverse square law, helps one understand the 
meaning of the capillary potential. 

The capillary potential at any point P, as here used, is defined as 
the work done on the capillary attraction in bringing unit nms of 
water from the level water surface to any point P within the capillary 
region. For example, select a column of soil, the water content of 
which is in equilibrium with the gravitational water in the reservoir, 
as illustrated in figure 2. 

The system being in static equilibrium there is no movement of 
water in the soil colunrn. Therefore, if we neglect friction, a very 
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Fig. 2. A column of soil with the water content in equilibrium with the gravita- 
tional water in the reservoir* 

slight upward impulse applied to unit mass of water at the level of the 
surface, S, will cause it to rise without having had work done on it to 
any point P distant H above S. The magnitude of the resultant 
capillary force as a function of H in bringing the unit mass from the 
water surface S to the point P is not known, whereas the gravitational 
force as a function of r in bringing unit mass from <» to the point P is 
known. But as the capillary water is in equilibrium under the action 
of both the gravitational and the capillary forces it is known that any 
gain in one form of energy by the unit mass must be equal in magnitude 
to a simultaneous loss in the other form of energy. The work done on 
the gravity forces, since the integration is in the positive H direction 
and against the force of gravity, is 

• ( 9 ) 

♦ As H is small the variation in g with H is negligible. 
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The system being in equilibrium, Wg must be equal in magnitude 
and opposite in sign to the work ^ done on the capillary forces, because 
the sum of the two quantities of work must be zero. Therefore, 

= 0 or ^^^Wg^gH (9a) 


Equation (9a) makes it possible to compute the capillary potential ^ 
at every point in a moist soil in which the capillary water is known to 
be in equilibrium with gravitational water. The capillary potential is 
a magnitude which characterizes every point in the moist soil. 

In the light of the above consideration of potentials, it is desirable 
to see how the general equation of motion is related to potentials. 

The Equation of Motion and Potentials: The vector components 
Exj Ey, and Et of equation (7) may represent component velocities, 
and hence, where ^ = a velocity potential, 

^=-J(VJx+V/ly+V4z) (10) 


Partial derivatives of $ with respect to x, ?/, and z, give the equa- 
tions: 


dx 

dy 

dz 


= -F„ 

= -V. 


\ 

(a) 

(b) ^ 

(c) 

/ 


( 11 ) 


Knowing that the order of differentiation is immaterial in successive 
partial derivatives, there results; 


dy\ dx ) dz\ dy ) 
az\ dy ) dy\ dz / 
3x\ dz } 32\ dx / 


\ 

.... (a) 

. (b)[ 
. (c) 

j 


( 12 ) 


Substituting from equations (11) into equations (12), it is evident that: 



\ 

.. ..(a) 

(b) ^ .. .. 
... (c) 


(12a) 
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dV dV 

Substituting from equation (12a), the values of — — - in the general 

dy dz 

equation of motion (6) and also the value of Vx— from (11) there 

results 

rJL-+rJ^’'+v^-±(^).F.-^^ ( 13 ) 

dx dx dx dt\dx / p dx 

The negative term on the left of the equality sign in (13) may be 

^ \ Fm.ther, assuming that Fx may be 

/ 

derived from a potential, it is clear that where is a poten- 

tial due to extraneous forces characteristic of every point in the region. 
Substituting the above values in (13) shows that ^ 

“-li? (13.) 

da;\2 2 2 / dx \ dt / dx p dx 

Letting the resultant velocity in (13a) or — 
multiplying by dx and integrating with respect to space keeping time 
constant there results 


expressed in the form— — { ■ 
dx\d< 


iK.-??=-l)-/>+c 

2 dt J p 


(14) 


But the constant of integration C is an arbitrary function of time, 
i.e., C =f(t). Since precise determination of the velocity potential ^ 
can be made only with reference to a particular time, t, because the 
motion may not be steady, it is consistent to consider the C in (14) 


d4» 

included in the — term and hence from (14), 
dt 


fdp_d^ 

J P dt 

Equation (15) rests on Newton’s fundamental law of motion with but 
two assumptions: 

(1) T^t the extraneous force Fx may be derived from a potential. 

(2) That the motion is irrotational. 

Two further assumptions are now introduced, namely : 

(3) That the density is constant as in water, and 

(4) That the motion is steady or does not change with time. 

*Under assumption (3) j^=^j dp— p/p+a comtant. 


■1 p-n 
2 


(16) 
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Under assumption (4) — =0, since €> at a particular point is constant 
dt 

with respect to time. Introducing these conditions in (15) there 
results 

S2+-+- F*=constant (16) 

P 2 

From equation (16) a number of relations of fundamental importance 
to irrigation and drainage may be derived. 

The only extraneous conservative force which influences the flow of 
water in irrigation or drainage channels is gravity, and hence for unit 

/•* 

mass in a channel at an elevation h, Q= — I —gdh=gh where the arbi- 
trary reference point is called zero. Substituting for il the above 
value in (16) it follows that 


+-- Vi^=gh 2 +—+- 74=* = constant 

p 2 p 2 


.. .(17) 


Thus , Bernoulli's equation (17), of fundamental importance to all 
branches of hydraulic engineering, including irrigation and drainage, is 
derived from Newton^s Law of Motion. 

Applying (17) to the flow through a submerged orifice, the pressures 
Pi and p 2 , being equal, disappear from the equation; and, as the initial 
velocity in the large channel of approach is so small that it may be 
neglected, therefore 2g{h\—h^ — V^ from which there results the well 
known Torricelli^s theorem 

Vi = V2g{h-h,) = V^ (18) 


The equation of continuity, also fundamentally important in hydro- 
dynamics, is based on the law of conservation of mass and is derived 
as follows: Consider as above an elemental volume whose edges are 
dx, dy, dz, as shown in figure 1, the volume being fixed in space in which 
fluid is moving. Let V equal the velocity of the fluid at the point P, 
which is at the center of the elemental volume. The average x com- 

ponent of the velocity in the face A BCD is then f F ,— — - — 1 and the 


mass 


of the flow across this face in unit time is pF*— — (pF*)— dydz, 

L dx 2 J 

/ dV dx\ 

The average velocity in the face EFGH is ( FxH ^ — ) and the 

\ dx 2 J 


mass 



490 


Hilgardia 


[Vol. 2, No. 14 


[ d dic”! 

pVx-\ — (pVx ) — dydz. Subtract- 
dx 2 J 

ing the latter mass from the former, the rate of gain in mass between 
the faces ABCD and EFGH is found to be equal to 


(pF») dxdydz 

dx 


(a) 


Comparing similarly the flow across the face CDHG and BASF it is 


found that the rate of gain is equal to 

-—{pVy) dxdydz (b) 

dy 

For the faces CBFG and DAEH the rate of gain is equal to 

— —(pVz) dxdydz (c). 

dz 


Adding equations (a), (b), and (c) gives the rate of change of mass in 
the elemental volume. Since mass can be neither created nor destroyed 
it is known that the sum of (a), (b), and (c) must be equal to the time 
rate of change of mass within the volume and hence it follows that 

—ipdxdydz) = - [-(pF.) +-(pF,) +-(pF.)l dxdydz (d) 

dt Ldx dy dz J 

Dividing (d) by dxdydz and transposing there, results the equation of 
continuity in general form, i.e., 

^ + ^(pVx)+~(pVy)+j-(pVx) =0 
dt dx dy dz 


( 19 ) 
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APPLICATION TO OPEN CHANNELS, PIPES, AND SOIL 

MOISTURE 

The movement of moisture in soils is influenced by forces analogous 
to those which control the flow of water in open channels and pipes. 
The following brief analysis of well-known formulae in hydraulics, 
together with some analogies to a proposed soil moisture formula may 
be helpful in the study of moisture flow. 

Open Channels, — The Chezy-Kutter formula V — Cy/lRS heretofore 
briefly mentioned, was derived from the general equation of motion for 
the condition of steady flow in which the driving forces are equal and 
opposite in direction to the retarding forces. Moreover, as indicated 
below, this formula rests on the fact that the velocity is determined by: 

(1) the conductivity, which is dependent upon the form of the 
channel, and the roughness of surface, and, 

(2) The rate of change of energy per unit mass in the direction of 
flow, or the component of the potential gradient parallel to the surface 
of the stream. 

Consider a stream channel of uniform cross-section, the bottom of 
which makes an angle a with the horizontal (or sea level), as illustrated 
in figure 3. Select any length of canal i, from Po in the horizontal 
surface to any point P distant h alxjve the horizontal. Obviously 
h = l sin a, and therefore from (9) the gravitational* potential ^ at 
P is: 

Wo = ip— —[—gl sin a] ... ....( 20 ) 



Fig. 3. Stream channel of uniform cross-section, making an angle with a 

horizontal line. 


The gravitational acceleration constant g is implicit in the Chezy- 
Kutter coefficient C and therefore C-Ci\/^ where Ci is a constant 
which is determined largely by the roughness of the channel. The 
velocity of water, according to the Chezy-Kutter formula, is 

* For the gravitational potential as used in the following analysis, a point in 
the surface of a body of water or water table is taken as the reference instead of 
<» as in equation (8a) . The integration is now opposite in direction to the force 
of gravity and the potential becomes positive. 
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F=C, VR VgS^CiVR (21) 

The component of the potential gradient in the direction of the velocity 
is 

(ffl sin a) —g sin a=g— (22) 

dldV ' 


Therefore, from (21) and (22) 

v-c.v-S VI 


(23) 


The term C\ of (23) involves the roughness of channel, the hydraulic 
mean radius R is the ratio of cross section area to the wetted perimeter 
and thus involves the form of the channel, and the exprei^ion C\y/R 

is the conductivity, whereas the is the component of the potential 
gradient along L 

Pipes , — The Weisbach formula commonly used for flow of water in 
pipes, in a similar manner, may he shown to consist of a conductivity 
factor and the component of a potential gradient. This formula is: 


where: 


%-/— — 
d 2g 


ft/ = loss of head in friction measured in feet. 

/=a friction factor dependent on roughness of pipe. 
Z= length of pipe in feet. 
d= diameter of pipe in feet. 

V =the velocity in feet per second. 
g=the gravitational acceleration constant. 

Solving (24) for there results : 


A 

and for pipes nmning full the hydraulic mean radius R = — 
hence from (25) for flow under pressure, ^ 


d 

4 


(24) 


(25) 

and 



lOR 

The factor involves the form of pipe and its roughness and 

is the conductivity. The symbol hf of (26) is analogous to the h of 

(21) and hence the factor — of (26) is the component of the potential 
gradient. ^ 
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The above brief analysis concerning the Chezy-Kutter and the 
Weisbach formulae, it is hoped, will help make clear to irrigation 
engineers and investigators the purpose of, and the promise in, the 
application of hydrodynamics to other irrigation problems such as the 
movement of soil moisture. 

Soil Moisture , — It is apparent by analogy from the foregoing illus- 
tration that soil moisture flow also is largely determined by two factors, 
namely: 

(1) The conductivity of the soil, and 

(2) The potential gradient within the moisture region. 

As there are no restrictions on the direction of moisture movement, 
the flow will occur in the direction of the maximum rate of change of 
potential. However, the capillary stream is influenced by two poten- 
tials, namely: the capillary potential, due to capillary pressure; and 
the gravitational potential, due to gravity. We have, therefore, as 
a general equation for velocity of the capillary stream, 

F = C[V*(^+<p)]”‘ (27) 

in which the conductivity factor is C and the potential gradient factor 
is 

[V(^+^)]- 

For the capillary stream the exponent m is considered equal to 
unity for reasons given in the following section. The gradient of the 
potential due to gravity being known, it is necessary only to measure 

at a few points, from which the component of in the direction 
considered, may be determined. This possibility is further outlined 
after presenting a description of the method of measuring the capillary 
potential and a discussion of its relation to the soil moisture content. 

There remains then the difficult but not insurmountable task of 
evaluating the conductivity, C, in (27) for typical soils under particular 
conditions of soil compactness, temperature, composition of soil water, 
moisture content and so on. 

With the conductivity known, the measurement of the capillary 
potential, together with its relation to the moisture content would 
make possible the intelligent attack of irrigation and drainage problems. 

Some of the more important of these problems, together with the 
methods of attack, are considered later. In the next few pages, the 
progress which has been made in the application of hydrodynamics to 
ground water and soil moisture is briefly reviewed. 

* The symbol V as here used is the gradient, i.e., the rate of change in the 
direction of the greatest rate of change. 
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GROUND WATER AND SOIL MOISTURE MOVEMENT 
INVESTIGATIONS BASED ON HYDRODYNAMICS 


Ground Water , — The fruitfulness of dynamics in the study of the 
flow of heat, electricity, and perfect fluids has long been recognized. 
The more recent application of dynamics to the motion of ground water 
was made by Slichter^^ in 1897. Slichter^s analysis is based on the 
equation of continuity (19) and on experimental observations of Darcy, 
Poiseuille,* and others. These investigators found, as quoted by 
Slichter,^^ that ‘'the velocity of the flow of a liquid in a given direction 
through a column of soil is directly proportional to the difference in 
pressiu’e at the ends of the column and inversely propoiiional to the 
length of the column.^’ Mathematically expressed this law is 

V==kVp (28) 

in which 


r=the velocity 
p=the pressure 

Vp==the gradient of p, or the rate of change of p in the direction 
of the greatest rate of change. 

k=a, constant depending on the size of the soil grains, the soil 
porosity, the liquid viscosity, and the temperature. 

The compressibility of water being very flight, its density p may be 

j 

considered constant, and hence for water — = 0 and equation (19) re- 
duces to 


dx dy dz 


(29) 


Using Cartesian coordinates (28) may be expressed as: 




dp 

dx 


(a) 


v,-A 

dy 


,(b) . 
..(c) 


(30) 


* 1 he experimental observation of Poiseuille is confirmed by Lamb** in a theo- 
retical analysis of the flow of a liquid through a pipe of uniform section. (Hydro- 

dynamics, 4th ed., § 331, p. 577.) 
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Substituting the values of Fy, and F, from (30) into (29) and dividing 
by k there results 


-0 

dx^ dy^ dz^ 


(31) 


Equations (29) and (30) are identical with Slichter^s equations (4) and 
(5) of his chapter 11.^^ Equation (31) is known as Laplace^s equation 
and, like the equation of continuity (29) forms, in part, the basis of 
many important engineering analyses. 

The fact that the ^^velocity potential,'^ which satisfies (31), is pro- 
portional to the pressure in ground-water motion was first pointed out 
by Slichter. Moreover, Slichter made his excellent contribution to the 
investigation of ground water motion largely by pointing out the 
coincidence of the pressure function with the velocity potential (omitting 
the constant k) and by showing that the solution of any problem in 
the motion of ground water is dependent upon solving the differential 
equation (31). 

Soil Moisture , — The first application of the analytical method to 
capillary action in soils was made by Buckingham‘s in 1907. He called 
attention to the fact that the movement of capillary moisture in any 
soil is dependent on its conductivity and on the driving force. Buck- 
ingham also pointed out, after pioposing a general equation for measuring 
the flow of soil moisture, a formal analogy of this equation to the equa- 
tions for flow of heat as measured by Fourier’s law, and for the flow of 
electricity as measured by Ohm’s law. Buckingham’s equation is 


Q=X.S ... .(32) 

in which 

Q=“The capillary current density at any point, i.e., the mass of 
water which passes in one second through one square centi- 
meter of an imaginary surface perpendicular to the direction 
of the flow.” 

S=The capillary potential gradient (V4^), or “the amount by 
which the potential ^ increases per centimeter in the direc- 
tion of the current, by reason of the fact that the water 
content of the soil decreases in that direction.” 

X=“The capillary conductivity of the soil.” The Q in equation 
(32) is numerically equivalent to the F of (28) hence we 
may write (32) in the form 

F=XV>F (33), 

which is analogous to Darcy’s experimental law^^ of flow 
for gravitational water. 
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Following Buckingham’s work but little use was made of the funda- 
mental laws of motion until 1920, when Gardner^ briefly considered 
*Hhe capillary potential and its relation to soil moisture constants.” 
Very early in Gardner’s soil-moisture studies he called attention to the 
fact that the capillary potential makes possible a new interpretation of 
soil-moisture constants, such as the hygroscopic coefficient, the moisture- 
holding capacity, the saturation constant, and the moisture equivalent. 
Each of these several constants really define equi-potential regions 
regardless of variation from one soil to another. 

CJoncerning the definition of capillary potential, in the preliminary 
paper above referred to, Gardner says “It is perhaps quite immaterial 
where the zero potential is placed and also what convention is adopted 
as to the algebraic sign, although it is somewhat more in accord with 
modern usage to define the potential as the work done; by the field 
forces in bringing unit mass from the point in question to infinity, and 
in such case the heat of vaporization should be added to Buckingham’s 
potential and the negative sign should be used.” However, for measure- 
ments of the capillary potential, wliich have not yet been published, 
Gardner has selected the water table as zero potential. 

Gardner’s later analysis of the dynamical problem with special 
reference to the movement of soil moisture appeared under the joint 
authorship of Gardner and Widtsoe® in 1921. The excellent analysis 
of these authors is based on the “assumption that the mean velocity of 
the water through the soil is proportional to the pressure gradient, or 
more generally, to the force per unit volume.” That this assumption 
is supported both by fundamental analysis and by experiment is pointed 
out by the authors, as evidenced in part by the following statements: 

“For bodies moving in response to conservative forces the resultant 
of the effective [external] forces is a measure of their acceleration in the 
direction of the resultant.* Where friction comes into play, however, 
this is not true; but a limiting velocity is soon reached when the fric- 
tional force becomes equal and opposite to the resultant of the impressed 
forces. For small velocities of such magnitudes as are encountered in 
the soil, this frictional force is directly proportional to the velocity. 
If, for example, water is forced through a small pipe of regular or irre- 
gular section, including the pores of a homogenous soil, the mean 
velocity is found from theory^^ and experiments^ to vary directly as 
the pressure gradientf with a proportionality factor which involves the 
shape and size of the tube.” 

* See also equation (1) and accompanying discussion in this paper. 

t Some exceptions to this law were noted by F. H. King and. recorded in U. S. 
Geol. Survey 19th Ann. Kept., pt. II. 61-294. figs. 1-6S, ph.VI-XVL 1898. 
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If the observation based on experiment and theory indicating that 
the frictional forces are directly proportional to the first power of the 
velocity be accepted as established law in soil moisture flow then equa- 
tion (34) which is based on the Gardner-Widtsoe assumption may be 
derived with slight modification from the general equation of motion 
(6), as will shortly be demonstrated. 

The Gardner-Widtsoe* equation is 

(34) 

where 

V = mean velocity at a point in the soil. 

K — b, proportionality constant. 

p== moisture density at a point. 

^ = the sum of three potentials, tt, and where 

7r= potential due to hydrostatic pressure. 

^ = potential due to capillary pressure, 
potential due to gravity. 

V is a mathematical operator written thus 

dx dy dz 

Referring again to the general equation of motion in frictionless media 
(6), it is apparent that for a steady state, or for acceleration so small as 
to be negligible, the left-hand member is zero. Applying the general 
equation (6) to the flow of soil moisture in any direction and in which 
there is friction and letting /^r = the resultant of the frictional forces 
on unit mass it is evident from (6) that 

/i’_ivp+F,=0 . (35) 

P 

It is important to note that p as used in (35) and the analysis fol- 
lowing is considered a variable. Conceive a given finite volume of soil 
as being composed (1) of a solid-soil phase, (2) a liquid-water phase, 
and (3) a gas (water-vapor-and-air) phase. If p is defined as the mass 
of phase (2), i.e., the liquid water, per unit volume of the space which 
is occupied by the three phases, then it is a variable. On the contrary, 
if p is defined as the mass of phase (2) per unit volume of phase (2), it 
would be substantially constant. The first definition given above, i.e., 

* The negative space rate of change of the energy potentials is work per unit 
mass divided by length, i.e., -force per unit mass = /^. There- 
fore, since — and since there is in unit volume a mass of water, p, it follows 

that the magnitude of the resultant force per unit volume in the direction of 
V is pF^pV^f or the mass in unit volume times the force per unit mas^. 
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the mass of liquid water per unit volume of space, is the one here usedi 
and the applicability of the hydrodynamical equation of motion to 
the flow of soil moisture rests in part on the correctness of the concept 
of p as a variable. It rests also on the belief that the apparent discon- 
tinuities in the liquid-water phase may be ignored since in reality every 
particle of soil, or every small group of particles, is completely sur- 
rounded by capillary water and in this sense the liquid-water is con- 
tinuous. It follows from the definition of p here used that V must 
signify the mean velocity of the liquid-water particles. 

The quantity (mass) of liquid water, Q, that flows in unit time 
across a unit surface within the soil and normal to F, is given by the 
equation 

Q = pV* . (36) 

According to the above definition of p, it is evident that Its p increases 
the capillary pressure decreases and therefore the capillary pressure is 
a function of the density p. 

The only extraneous force influencing the moisture flow is gravity, 
and from the preceding discussion of potentials F=— V(p where <p is 
the potential due to gravity. Also, since the resisting forces per unit 
volume are directly proportional to the first power of the velocity, 
pFr=aV where ^^a’^ is a constant characteristic of the soil for a particular 
moisture content. Substituting these values of F and Fr in (35) there 
results 

pV<p+Vp=aV . . ... (37) 

In the general case of soil water movement there are two kinds of 
pressure, namely: 

Pc = capillary pressure or the negative pressure or tension due to 


curved surfaces, and 
Ph = hydrostatic pressure. 

The pressure p in (37) is equal to the sum of Pc+Ph hence 

aF = V(pc+pA)+pV^ (38) 

Since is force per unit mass and p = mass per unit volume, it follows 
that pV^ is force per unit volume and that 

pV^ = V(Pc+Pa) +pV^ (39) 


* If, however, p ie defined the mass of phase (2) per unit volume of phase (2), 
then its magnitude would be unity (approximately) with the C. G. S. units. Under 
this condition the quantity (mass) of liauid water, Q, that flows in unit time across 
.a unit surface within the soil and normal to^, is given numerically by the equation: 

Where F is the mean velocity of the liquid water particles, as above defined and 
r is the cross-section area of the liquid-water capillaries in unit surface 
within the soil and normal to these capillaries. 
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Sence (38) may be written by substituting from (39) 

7=fcpV<^ (40) 

in which /b=-. Equation (40) being the same as the Gardner-Widtsoe 
a 

equation (34) indicates that the latter equation is in accord with the 
general equation of motion. 

It is important to observe that Slichter^s basic equation (28) for 
the flow of “gravitationaP^ ground water and the Gardner-Widtsoe 
basic equation for the movement of soil moisture (34) are formally the 
same. The Vp factor in (28) is equivalent to the pV4> factor in (34). 
Moreover, as shown by Gardner and Widtsoe, under the condition of 
complete saturation of the soil, at which time the capillary pressure is 
zero and the time rate of change of the mass per unit volume p is zero, 
their general equation of motion for capillary water, i.e., their formula 
(4) on page 221,® reduces to V2P=0* which is identical with Slichter’s 
equation (5), page 330, or number (31) in this paper. 

Equation (II) of the Gardner-Widtsoe paper, as corrected in the 
footnote,* is the differential equation derived from the equation of 
continuity and the equation of motion for a steady state. After the 
introduction of certain tentative assumptions concerning the value of 
4^ in terms of p, this equation reduces to 

V2p+— V.pVp = 0 (41) 

C 


which ^^is the most common condition met with in irrigation practice.” 
Equation (41), together with others deduced from the general equation, 
including that for the condition of horizontal capillary flow under the 
influence of capillary forces only, and others for other conditions, are 
shown by Gardner to l:c in fairly close agreement with experimental 
data. 

There is, however, in the movement of soil moisture an additional 
factor the influence of which, as yet, is not evaluated in the equations 
above reviewed, which may exert a significant influence, namely, the 
concentration of moisture or degree of saturation. Gardner and 


* The Gardner-Widtsoe analysis on page 221® might be clarified a little by 
calling attention to the fact that the mathematical operator v includes the unit 
vectors i, j, and k and is usually written 


v=tA+,|.+]fc.f. 
dx dy dz 


Further, in their case (2) the middle term of the last factor in the right-hand 
member should be (Vp)(Vp) instead of (Vp)*, thus making the corrected equation 


--A[pV^p+(Vp)(Vp)-l-2pVv>Vpl 
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Widtsoe refer to this factor in the following language: Where the 
soil is unsaturated and movement takes place in response to capillary 
forces, it is evident that the degree of saturation may become an addi- 
tional factor, but in the absence of direct evidence that this has an 
appreciable effect upon the inherent moisture conductivity {K of equa- 
tion 34), we may temporarily ignore the moisture concentration.^^ 

Buckingham^ also recognized the importance of this factor and 
devoted considerable space to its consideration. 

The design of suitable equipment and the development of methods 
for measuring the capillary potential has made possible a systematic 
study of the influence of the moisture concentration p on the moisture 
conductivity.* 


MEASUREMENTS OF THE CAPILLARY POTENTIAL. 

Buckingham^ measured the capillary potential by making direct 
readings of the height of rise of moisture in vertical soil tubes. As his 
method is fully described in available literature it is not further con- 
sidered here. 

For the methods described below I am indebted to Gardner and asso- 
ciates of the Physics Laboratory, Utah Agricultural College Experiment 
Station. The equipment now used by Gardner, a description of which 
has not heretofore been published, is shown in figure 4. It consists of a 
special U-shaped glass tube U ; an inverted glass funnel F, to which is 
cemented a porous porcelain cup P; a bucket of soil S; and a quantity 
of mercury Hg. The inverted funnel is securely fastened to a con- 
necting tube B, leading to one branch of the U-tube, by means of a 
tightly fitting vacuum rubber connection R. The connecting tube, B, 
is similarly fastened to the U tube by a vacuum rubber connection R'. 
The complete equipment is termed a capillary potentiometer. 

The procedure in measuring the capillary potential is substantially 
as follows: The funnel F, after being cemented to the porous cup P 
with a mixture of hot asphalt, is attached to a suction pump to ascertain 
the maximum pressure which the cup will stand without leaking air. 
The cup is then filled with water, care being exercised to exclude air 
bubbles, and placed in the soil container as shown in figure 4 and con- 
nected at R. The connecting tube B is then filled with water, and the 
bucket, S, is filled with water up to the elevation of the plane Q, which 
causes the mercury in the small branch of the U tube to take the position 

* An experiment concerning the influence of moisture content on conductivity 
is being conducted in the laboratory of the Physics Dept., Utah Agr. Exp. Sta. 
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Fig. 4. The capillary potentiometer designed by Gardner, of the Utah Agri- 
cultural Experiment Station. This equipment is used in direct determinations. 
B, connecting tube. F, inverted glass funnel. P, porous porcelain cup. R, R',R", 
vacuum rubber connections. S, bucket of soil. U, U-shaped glass tube. 


502 


SUgardia 


[Vol. 2, No. 14 


i. The water is then taken out of the bucket, and soil of the desired 
moisture content* is packed around the cup. The water is drawn by 
the soil through the walls of the porous cup. Thus the capillary forces 
do work against the force of gravity on the mercury by changing the 
mercury levels in the U tube from the initial position i, i.e., the position 
at which the mercury would rest if the porous cup were surrounded by 
water up to the plane Q, to the final position f, which represents the 
position after the soil has been packed about the cup and equilibrium 
has been reached.f 

The capillary potential, when measured in gram centimeters per 
gram, is numerically equal to the negative hydrostatic pressure measured 
in grams per square centimeter. Equation (9a) may therefore be 
written, by employing the above units, 

— ^ = (numerically) . . . . (42) 

where p/=the hydrostatic pressure at a point equivalent to a distance 
H centimeters above a free water surface after equilibrium has been 
reached. 

At the elevation of the plane Q, the hydrostatic pressure in the U 
tube of Fig. 4 is atmospheric at the beginning of the capillary potential 
measurement since the water surface in the soil bucket around, the cup 
is then at the elevation Q. The initial hydrostatic pressure at eleva- 
tion Q, when the mercury is at i, is therefore equivalent to zero capillary 
potential. After equilibrium has been reached and the mercury is at 
f, it is evident from Fig. 4 that 

= 13.6(/ii“f-/i2) “t"^3 (a) 

Rememl>ering that the pressure at elevation Q is atmospheric at the 
beginning of the measurement, it may l)e seen from Fig. 4 that when 


the capillary potential is zero 

13Mi = {hi+h 2 )+h (b) 

Subtracting (b) from (a) there results 

Pf = 12 . 6 (hi+h 2 ) and substituting 
in (42), it is apparent that 

^=- 12 Mhi+h 2 ) (c) 


It is therefore necessary with this method only to measure the height 
of rise of the mercury column and multiply by ( — 12.6) to obtain the 
value of in gram centimeters per gram. 

* The capillary potential of Greenville soil having less than 14 per cent moisture 
has not been measured as yet. 

t The cross-section area of the U tube in the enlarged section is 30 times that 
of the small section, hence the lowering in the large section is ignored. 
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In order to measure the potential a differential method also has 
been developed. The equipment is illustrated in figure 5. It will be 
noted that bucket A has water outside as well as inside the porous cup. 
The potential as measured by h is then the absolute value for the soil 
in bucket B. If soil were placed also in A then h would measure the 
difference in ^ between the soil in the two buckets. 

Using the differential method just described, 9 buckets A, B, C, D, 
E, F, G, H, and I were arranged in series as shown in figure 6. 

Bucket A was filled with water but contained no soil. The moisture 
percentage on the oven-dry weight basis ranged from 22.16 in B down 
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Fig. 6. Typical arrangement of buckets for measuring capillary potential by the 

diflferential method 

• 

to 14,58 in Bucket I.* Measurements of the potential difference were 
made between buckets A and B, B and C, C and D, and so on 

by the potentiometers Pi, P2, P3, to Pio, and recorded as poten- 
tials ^1, ^2 . 4^10. The sum of the potential differences to 

should equal ^9 or ^10 as measured by potentiometer P9 or Pio, the latter 
two being duplicate measurements. At the end of an eleven-day test, 
the sum of ^1 to inclusive was 604 gm.-cm. per gm. and the average 
of 45^9 and ^10 was 614 gm.-cm. per gm. This is a satisfactory agreement. 
Further reference is made to the above measurements by the differential 
method in connection with the following data concerning the influence 
of the moisture percentage on the capillary- potential. 


RELATION OF THE CAPILLARY POTENTIAL (^) TO THE 
MOISTURE CONTENT OF THE SOIL (p')t 

That the curvature of soil moisture films is influenced by the moisture 
content of the soil is common knowledge among soils investigators. As 
the capillary potential ^ at every point characterizes the film curvature 
at that point it is clear that the magnitude of ^ is dependent in part 
on the moisture content p'. Therefore, ^ =f{p') for a given soil com- 
pactness, temperature, etc. If the relation were established 

for all conditions it would be possible to write, from ( 42 ) 

V = A:pV[/(p') + d ( 43 ) 

* Bucket E contained 24 per cent moisture, but, as one of the cups in this 
bucket leaked, this moisture content is rejected. 

t The term p' sixties moisture percentage on the dry weight basis, hence 
psA,p' where i4«<»the apparent specific gravity of the soil. 



Fhheni-ia/ /n --cm, per pram ('^) 
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TABLE 1 

Relation of the Capillary Potential ^ to the Moisture Percentage on the 
Dry Weight Basis p' as Indicated by Direct Method Measurements 


A 

B 

c 

D 

E 

F 

G 

H 

Number 

of 

bucket 

Poten- 

tiometer 

number 

Depression 
of Hg in 
capillary 
tube with 
porous cup 
in water 

Elevation 
of Hg in 
capillary 
tube when 
porous cup 
is in soil 

Total 
height of 
rise of Hg 
in the 
capillary 
tube 

Average 
total height 
for 3 poten- 
tiometers 

Capillary 
potential 
in gm.-cm. 
per gram 
-12.6 (Ai+A2) 

1 

Moisture 
I)ercentage 
based on 
dry weight 
of soil 






A 1 +A 2 





hi 

“1"^2 

^1 + ^2 

3 


p' 


a 

17.0 

8.6 

25.6 




6 

b 

15.9 

9.1 

25.0 

25.3 

319 

17.2 


c 

17.3 

8.0 

25.3 





a 

17.4 

5.8 

23.2 




2 

b 

16.7 

6.3 

23.0 

22.9 

288 

18.2 


c 

14.8 

7.7 

22.5 





a 

6.2 

6.9 

13.1 




7 

b 

! 5.3 

6.8 

12.1 

12.7 

160 

19.1 


c 

! 6.3 

6.6 

12.9 





a 

12.9 

4.4 

17.3 




3 

b 

11.5 

5.4 

16.9 

47.0 

214 

19.6 


! C 

10.6 

6.2 

16.8 

- 




1 

a 

2.4 

8.5 

10.9 




8 

b 

2.3 

7.7 

10.0 

10.4 

131 

19.8 


c 

1.1 

9.2 

10.3 





1 

a 

10.2 

5.4 

15.6 




1 

b 

10.4 

5.1 

15.5 

15.4 

194 

20.0 


c 

7.8 

7.4 

15.2 





a 

5.8 

6.0 

11.8 




4 

b 

4.7 

6.9 

11.6 

11.9 

150 

20.4 


c 

7.5 

4.7 

12.2 





a 

2.3 

5.9 

8.2 


1 


5 

b 

0.9 

7.1 

8.0 

8.3 

105 

20.6 


c 

2.5 

6.2 

8.7 
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From (43) the driving force causing the flow of soil moisture may 
be determined directly by measuring the space rate of change of p 
from point to point in the soil. 

Some typical laboratory measurements of the relation of ^ to p 
are presented in table 1 and also in figure 7. Of the 15 points plotted 
in figure 7, the eight points inside of the small squares were determined 
by the direct method of measuring capillary potential first described. 
The seven points within the small circles were determined by the 
differential method. Both tests were made with the Greenville soil. 
To determine the moisture percentage, p', all of the soil in each bucket 
was oven-dried. 

Figure 7 indicates that the rate of change of the potential with the 

moisture content — is comparatively high for low moisture per- 
dp 

centages and low for relatively high moisture percentages. The figure 
suggests that the potential is high when the moisture content is low 
and that for large moisture contents, as would be expected, the potential 
is low. 

As the capillary potential is zero at the water table, where the soil 
is completely saturated, it appears from figure 7 that the potential 
decreases relatively slowly as the moisture content is increased from 
22.2 per cent to the saturation point which is probably well above 25 
per cent. A statistical analysis of 84 laboratory detenninations of the 
relation of ^ to p', made by Gardner but not yet published, seems to 
indicate that over a certain range this relation may be represented by 
an equilateral hyperbola of the form 

(p'-a)(<^+6)=c* (44), 

in which a, 6, and c are constants that may be evaluated from experi- 
mental observations. Moreover, this relation is apparently in accord 
with natural conditions. It seems, for example, that ^ may become 
very large for a moisture content near the wilting point. According 
to (44) when 4^ is infinite p'=a and when p is infinite — 6. That 
equation (44) precisely represents the (^, p) relation is not yet estab- 
lished, and therefore the data presented in table 1 and figure 7 should 
be interpreted as illustrating the trend of variation of ^ with p'. Further 
reference is made to the data presented in figure 7 in connection with 
a study of the field capacity of soils for irrigation water, results of 
which are presented in figure 14. 

* The maximum ^ as yet measured is slightly over 600 gm.-cm. per gm. and 
the minimum moisture content is a little over 14 per cent. 
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SOME APPLICATIONS TO IRRIGATION AND DRAINAGE 

PROBLEMS 

It is not the intent of this paper to enumerate all the ways in which 
hydromechanics may advantageously be applied to irrigation and 
drainage problems, nor to evaluate coefficients for the soil moisture 
velocity equation 7 = fcpV^. On the other hand, the purpose is to 
call attention to the fact that use can be made of knowledge concerning 
equipotential regions and capillary potential measurements in a study 
of water capacity of soils and of moisture conditions above a high 
water table. 

Irrigation and drainage are simply means of controlling the water 
content of arable soils for purposes of producing economical crops, the 
purpose of irrigation being to maintain in the soil an adequate moisture 
content, and that of drainage to prevent the occurrence of excessive 
amounts of water. The ideal way to irrigate is to supply water at 
the same rate as it is needed by plants, but such procedure is imprac- 
ticable. It is therefore necessary to use the soil as a water reservoir 
in which there may be stored in a form available to plants the amount 
of water needed during the time between irrigations. The necessity 
for such storage, the difficulty in determining the capacity of soils for 
water, the inherent dread of drought among farmers in an arid climate, 
the great variation of soil texture and structure, together with other 
important factors, have led to the application of excessive amounts 
of irrigation water. Excessive irrigation, seepage from canals, and per- 
colation from high lands to low lands in western valleys have brought 
about a rise in the water table which has rendered large areas of the 
best land either partially or wholly unproductive without artificial 
drainage. During the early years of irrigation, because of the very 
dry conditions of virgin soil and the great depth to the water table, 
the ultimate seriousness of wasteful use of water is not apparent. How- 
ever, after many years of irrigation, when water has become more valu- 
able, when the virgin aridity of the soil has been removed, and the 
water table has risen to elevations which endanger plant life, it becomes 
very necessary to have dependable information concerning soil moisture 
control. The capacity of the soils for water, the movement of soil 
moisture and of nitrates and other soluble salts, and the relation of 
drainage to capillary phenomena become increasingly important where 
irrigation has been practiced many years. That the solution of these 
problems may be furthered by the application of hydromechanics is 
pointed out below. 
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Capacities of Soils for Water . — Many advantages are gained by 
storing in the soil from a single irrigation all of the water it will retain 
for plant use, and likewise there are many disadvantages in applying 
in a single irrigation more water than the soil will hold. Some methods 
of determining the water capacity of soils have heretofore been re- 
ported^®»^^ and only those phases of the question not considered pre- 
viously will be discussed here. 

The precision of water capacity measurements rests in large measure 
on two important factors, which, in general, have not been sufficiently 
recognized by soil moisture workers, namely: 

1. The time after flooding the soil which is selected as representing 
the moisture capacity, and 

2. The depth of the water table, or the reference point for the 
capillary potential. 

The importance of these two factors, in reality, is due to the fact 
that under the natural conditions encountered in irrigation the soil 
moisture is seldom at rest. It is very difficult to obtain a condition of 
equilibrium of moisture in field soils. 

It is likewise difficult to ascertain whether or not the moisture in a 
soil is in a condition of equilibrium. During the period in which 
equilibrium of moisture conditions is being approached, the velocity of 
moisture movement is so low that it cannot easily be detected by direct 
measurement. Since there can be no hydrostatic pressure in unsaturated 
soils in which capillary pressures exist, it follows that the total potential 
<I> of equation (40) is equal to the capillary potential, plus the gravi- 
tational potential, <p. The gradient of the gravitation potential, V(p, 
is known to be g. If, therefore, several measurements of the capillary 
potential, at different elevations show that the gradient of the 
capillary potentiarV4^= — gf, then the moisture region considered is an 
equipotential one and that there can be no vertical moisture movement 
because the driving force is zero. The need of some satisfactory method 
of detecting the existence of equilibrium of moisture was urgently felt in 
1919 in connection with some water capacity studies of soils under 
natural field conditions at the Utah Experiment Station. The results 
of these experiments are of interest in showing the difficulty of detecting 
without the aid of capillary potential measurements at what time the 
moisture reached a condition of equilibrium. They indicate also that 
when the condition of equilibrium is approached, after excessive irriga- 
tion of soils having uniform texture, the moisture content increases as 
the depth of the soil increases. A non-technical report^' of these water 
capacity experiments was published in 1922. A brief statement of the 
plan of the experiments taken from this report is given below: 
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‘‘To remove all doubt concerning completeness of saturation and also 
to remove the influence of the growing crop, the authors prepared 
three rectangular basin plats to which excessive amounts of water were 
applied. Each plat was 38 feet long and 33 feet wide. Around these 
plats levees about two feet high were built with soil taken from outside 
of the plats; thus, the soil in the plats was left undisturbed. The plats 
were numbered A, B, and C. Samples of soil were taken to ascertain 
the moisture content before irrigation, after which plat A was given a 
12-inch irrigation, plat B a 24-inch irrigation, and plat C a 36-inch 
irrigation. 

“The borings for moisture samples were made to a depth of 12 feet 
and the moisture determinations were made in the laboratory by the 
usual methods, the results being recorded in per cent of the weight of 
the dry soil.'' 

The soil is a deep uniform loam having a water table about 50 ieet 
below the surface. Widtsoe and McLaughlin^* have published a 
detailed statement of the chemical and physical properties of the soil. 

Observations concerning the movement of capillary water in the 
three plats, A, B, and C, are -presented graphically in figures 8, 9, and 
10. The data are reported in acre-inches of water per acre, for different 
depths of soil. Moisture determinations were made at irregular intervals 
from June 16 to October 11, 1919; there being 2,556 determinations, of 
which 1,476 were made in June, 468 in July, and 216 in August and 
September. The location of borings was systematically made, and 
stakes were placed in each hole as soon as the sample had been obtained 
and the excess disturbed soil had been replaced. On each stake the 
date of sampling was marked, thus avoiding duplication in the location 
of borings. 

On June 16, immediately after the irrigation water disappeared from 
the surface of the soil, a heavy straw mulch from 8 to 10 inches deep 
was spread over the surface of each plat. To determine the loss of 
water through the straw, an evaporimeter pan 12“ by 20“ was filled 
with soil of about the same moisture content as that in the plat and 
was placed under the straw in plat A with its surface flush with the 
ground surface. From August 2 to 26, the pan lost 1,294 grams of 
water, which is equal to 0.838 cm. depth, or 0.035 cm. a day. Measure- 
ment of the decrease in moisture content of the upper 6 feet of soil from 
June 16 to August 22, after deducting the water evaporated, shows a 
loss from plats A, B, and C of 0.58, 0.64, and 0.71 cm. respectively, in 
24 hours. These measurements are based on six borings in each plat 
and six samples in each boring. 
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The averages of the samples for each of the plats on the various 
dates on which moisture tests were made is presented for three different 
depths of soil in the curves of figure 8. It will be noted by the rapid 
decline of the upper curves of figure 8, each point of which is based 
on 72 moisture determinations, that large amounts of capillary water 
passed below the 12-foot level in plats B and C shortly after the irriga- 
tion. It appears that in plats B and C, and in the upper 6 feet of 
plat A, the moisture continued to move downward from June 16 to 
August 22. From June 16 to June 30 in plat A there was a significant 
increase in the moisture content from 7 to 12 feet in depth, but from 
July 5 to August 22 there seems to have teen a downward movement 
even from this depth, as the total loss of moisture is greater than the 
evaporation loss. 

The curves for the entire 12-foot depth show that equilibrium was 
closely approached, if not actually reached, on August 22, because after 
this date there was practically no further loss. The small gain in 
October was due to a rainfall of 1 .36 inches early in the month. 

In figure 9 the loss of moisture for each plat is compared in four 
depth zones of soil, namely, from 0 to 3 feet, 4 to 6 feet, 7 to 9 feet, 
and 10 to 12 feet inclusive. The notable features shown by this figure 
are that in the upper 3 feet of soil, plat A, which received a 1-foot irri- 
gation, was almost as fully wetted at the outset as plat C, which received 
a 3-foot application. In the second 3 feet of soil the water content in 
plat A was appreciably less than that in plat«^ B and C, during the first 
10 days after irrigation. In the third and fourth 3-foot sections the 
differences are much greater in magnitude and of longer duration. To 
illustrate: in the fourth 3-foot section the moisture content in plat A 
was lower than that in plats B and C until after August 22. 

Figure 10 compares the moisture content of each of the four 3-foot 
soil zones within each plat. It will be noted that during the early part 
of the period there were large differences between the moisture content 
in each of the four zones in plat A, smaller differences in plat B, and 
still smaller differences in plat C. That the moisture content of the 
first 3-foot zone remained the highest in all of the plats during the major 
part of the period is apparently due in part to differences in soil texture. 
Moisture equivalent determinations in each of the upper 12 feet for 
each plat show that the soil becomes somewhat coarser in texture with 
the depth. 

It has commonly been assumed, that the moisture content of the 
soil a few days after irrigation represented the moisture capacity and 
that but little moisture movement occurred after the relatively rapid 
movement of the first few days. Figures 8, 9, and 10 show the difficulty 
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Fip. 8. Curves comparing the time rate of change in the amounts of water 
contained in the same depths of soil after the application of three different amounts 
of irrigation water. Results are expressed in mches depth of water in each of the 
three depths of soil considered. 




April, 1927] IsraeUen : Application of Bydrodynamics to Irrigation Problems 513 



Hesults are expressed in inches depth of water in each of the four depths of soil 
considered. 
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Fi^. 10. Curves comparing the time rate of change in the amounts of water 
contamed in four different depths of soil, after the application of three different 
counts of irrigation water. Results are expressed m inches of water in each 
ihree feet of sou. 
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of selecting a particular time after irrigation as representing the maxi- 
mum capacity. August 22 is apparently the only date that may be 
selected as representing the maximiun without l)eing arbitrary and even 
this date may not be chosen without the support of a mathematical 
analysis of all the experimental data. Such an analysis is reported 
after considering the vertical distribution of moisture in the soil of 
the three plats at different times after irrigation as shown in figures 11, 
12, and 13. The moisture percentages are plotted in the fourth quadrant 
with the positive abscissa representing moisture content and the nega- 
tive ordinate representing depth of soil in feet below the surface. In 
each of the figures there are five curves: (a) representing the moisture 
content before irrigation, (b), (c), and (d) representing the moisture 
content at different periods after irrigation, and (e) representing the 
Briggs-McLane moisture equivalent. 

A comparison of the curves (a) and (b) in each of the three figures 
shows the influence of the amount of water applied to the soil on the 
depth of penetration shortly after irrigation. Curve (b) of figure 11 
shows that only the upper 4.5 feet of soil had been fully moistened two 
days after the 12 inches of water had been applied. In figures 12 and 
13 curves (c) indicate that the twelfth foot of soil was fully moistened 
5 days after irrigation, at which time it contained much more moisture 
than it did 68 days after. In figure 11, on the other hand, the soil 
below a depth of 8.5 feet held appreciably more water 69 days after 
irrigation than it did 2 days after. Curves (d) show that 68 days after 
irrigation each of the plats held approximately the same amounts of 
moisture. Moreover, in the upper 6 feet of plats B and C the soil held 
no more moisture 68 days after irrigation than it did before. 

Remembering that evaporation losses were reduced to a minimum 
and noting the heavy loss in moisture from June 16 to August 22 by 
downward flow it is of interest to inquire if the moisture content had 
reached equilibrium on August 22. 

To do this Pearson^s method of moments was employed to evaluate 
the constants in the equation 

p' = p'B+Ae-®‘ (45) 

in which 

p'=the moisture percentage at a given depth of soil at any tune t. 
p'*=the moisture percentage at equilibrium at any depth. 

e=the base of natural logarithms. 

<=the average time in daj^ measured from the date of first 
sampling after irrigation. 

A and B are constants to be evaluated from the results of the 
moisture determinations at different dates. 
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Equations of the general type of (45) have been found to express physical 
relations in many natural phenomena. This type of equation seems to 
apply to the rate of moisture loss. According to (45), when time is 
infinite p' = p'u, which means that the moisture in a field soil from which 
evaporation is prevented and in which no crops are growing in time will 
reach a condition of equilibrium. Finding the value of p'® should, 
therefore, give the moisture percentages at equilibrium at the several 
depths of soil. It is also evident from (45) that when t equals zero 
p' = p'b+A. The analysis by the method of moments was based on 
the samplings from June 16 to July 14.* A comparison of the magni- 
tude of the moisture content at approximate equilibrium in the upper 
9 feet of soil in plat C, as determined by equation (45), to the moisture 
content on August 22 is given below :t 


Depth in feet 

0 5 

1.5 

2.5 

3.5 

4.5 

5.5 

6.5 

7.5 

8.5 

Moisture content at 




! 






equilibrium p'k 
computed 

17.3 

18.1 

17.8 

16.7 

17.6 

14.2 

17.8 

15.7 

12.7 

Moisture content on 










p' August 22 

16.9 

17.8 

17.2 

15. 5 

16.6 

13 3 

16 2 

16.0 

15.0 


The differences between p'e and the p' determined on August 22 are 
probably not larger than the experimental error. The analysis by 
which the determinations of p'e were made was based on only 7 sets of 
moisture determinations and hence should not be interpreted as 
definitely establishing the equilibrium of moisture content. Since, 
however, the decrease of p' between July 28 and August 22 was com- 
paratively small as shown in figures 8, 9, and 10, it is likely that the 
moisture content on the latter date closely approached the equilibrium. 
Had the field capillary potentiometer been perfected at the time these 
water-capacity experiments were conducted it would have been possible 
to obtain more direct and more dependable information concerning the 
moisture condition at equilibrium. 

If the August 22 determinations do represent the moisture content 
at equilibrium, then p'e should increase with depth of soil provided the 
soil were uniform in texture. The moisture equivalent determinations in 
each plat to a depth of 12 feet indicate a significant increase in coarse- 

* The samplingB of July 28 and August 22 were omitted because the large period 
of time between tnese samplings gave them undue weight in the analysis. 

t The influence of soil texture on the moisture content at equilibrium with 
change of depth is considered in the following pages. 
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ness of texture with depth. The influence of this variation in texture 
has been eliminated to a large extent by the following procedure: 

Let p'l, p'i, p'i2 be the actual moisture percentages in the 

respective depths on August 22. 

Let Cl, e2, Ci2 be the moisture equivalent in the respective depths. 

Let Cm be the mean moisture equivalent for the 12 feet. 

Let p'ci, p'c2 p'ci2 be the corrected moisture percentages in the 

respective depths on August 22. 

Then 


/ / 

Pcl = Pl ) Pc2 — P2 

ei 62 


*P cl2 — P 12- 


612 


The corrected moisture percentages for each of plats A, B, and C 
on August 22 are plotted in figure 14, the points for plat A being repre- 
sented by circles, for plat B by triangles and those for plat C by squares. 
The curve of figure 14 represents the average corrected p'b for the three 
plats. It is evident from this figure that, had the Greenville soil been 
uniform in texture to a depth of 12 feet, the moisture percentages 68 
days after irrigation would have increased significantly with increase 
in depth. It is important to note that the distribution of the moisture 
with depth, as shown in figure 14, represents a condition that might 
have been qualitatively predicted from the capillary potential analysis, 
namely, that as the depth increases from the surface of the soil toward 
the water table, the numerical magnitude of the capillary potential 
decreases and consequently the moisture percentage of the soil must 
increase. The capillary potential at the surface of the plats A, B, and 
C cannot be computed with precision since the distance from the surface 
to the water table is unknown. However, letting be the capillary 
potential Y 2 foot below the surface where the soil samples were taken to 
represent the first foot and be the capillary potential 113^ feet below 
the surface, where the samples were taken to represent the 12th foot, 
the difference in capillary potential at the two points, according to 
equation (9a) is 

^0—^6== — (1X11X30.5) —335.5 gm.-cm. per gm.* 

This capillary potential difference was accompanied by a variation 
in the moisture content of 4 per cent, which is the decrease in moisture 
between the 11.5-foot depth and the 0.5-foot depth. Assuming that 

* Assuming the water table to be 60 feet below the soil surface, which is the 
depth to water in a neighboring well, it would follow that: 

59.5X30.5= — 1815 gm.-cm. per gm. 

^fc=— 48.5X 30.5= -1479 gm.-cm. per gm. 
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Fig. 14. Distribution of moisture in soil 68 days after irrigation as corrected 
for variation in soil texture, thus showing distribution that would have occurred 
in a soil of uniform texture. 
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the moisture content had reached equilibriinn by this date, which was 
68 days after irrigation, it is evident from the influence of change in 
the capillary potential on the equilibrium of the moisture content of 
the soil, as indicated in figures 7 and 14, that the depth to the water 
table influences appreciably the water capacity of the soil at equilibrium. 
Moreover, the recognition of the equilibrium of moisture content as an 
equipotential region (capillary and gravitational) is of itself suflicient 
basis for correcting the common belief^^’^® that the distribution of water 
in vertical soil columns at equilibrium is uniform. The theoretical basis 
for correction of this erroneous view is here supported by a study of the 
Greenville loam soil in the laboratory and in the field. Recent labora- 
tory experiments by McLaughlin^® also support the results of the above 
analysis. 

A similar equilibrium soil moisture distribution will occur in a field 
of force other than the gravitational one. This has been experimentally 
verified^* for a “centrifugal’’ force field in the laboratory of the Division 
of Irrigation Investigations and Practice of the University of California, 
Agricultural Experiment Station at Davis. Attention is directed par- 
ticularly to figures 4 and 8b of the California publication reporting the 
above experiments, together with the accompanying discussions. 


Other applications , — It is desirable briefly to view the advantages, 
in a study of the moisture conditions above a high water table, which 
result from capillary potential measurements. Referring to figure 15, 
measurements of the capillary potential at the points Pi, P-, • • • • Pn at 

elevations hi, h 2 hn above the water table are represented by 

^2 • • • -^n. If hij ^2 • • • -hn BTQ measured in centimeters, they are 

numerically equal to the gravitational potentials ^i, ^ at the 

respective points. Suppose that ^i+hi = '^ 2 +h= ^n+ An = con- 

stant. It would follow that the moisture distribution was in static 
equilibrium as represented in curve (a) of figure 15. Further, suppose 
that ^i+Ai>^ 2 +A 2 > • • v^n+A« • •;* it then follows that the moisture 
distribution would be illustrated by curve (c) of figure 15 and that the 
moisture would move upward until an equilibrium of moisture distribu- 
tion was reached. On the other hand, if ^i+Ai<^ 2 +A 2 < 
the moisture distribution would be represented by curve (b) of figure 15 
and the moisture would move into the water table until equilibrium was 
established. Since there is no positive hydrostatic pressure above a water 
table it is evident that for vertical flow V4> of equation (40) would equal 


(^1+Ai)-(^2+A2)_(^2+A2)~(>I^8+A8) 

— feZj; — ” 


Hence, for any soil, the 


* It is important here to remember that ^ is negative and hence that a high 
numerical value results in a low absolute value. 



Ele^yaHon Above Wafer labh in Cm. 
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Fig. 16. The probable moisture distribution aboveja water table for three 
conditions, namely: a, equilibrium, in which the sum of potentials is constant, 
no moisture movement) 5, is less than for equilibrium and moisture moves into 
water table; c, ^ is greater than for equilibrium and moisture moves out of water 
table. 
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average capillary conductivity of which is knoym, a few measurements 
of capillary potential and of the average moisture content would make 
it possible quantitatively to determine, by use of equation (40), after 
a steady flow had been established, the loss from, or the contribution 

Per Cent Mohhre 



to, a water table resulting from the capillary stream, in a given period 
of time.. 

It appears that the quantitative relation of ^ to p' is different for 
different types of soil. Work thus far at the Utah Agricultural Experi- 
ment Station indicates that for a given capillary potential ^ the moisture 
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content is highest in a clay, medium in a loam, and lowest in a sand and, 
conversely, for a given p' the capillary potential ^ is highest in a clay, 
medium in a loam, and lowest in a sand. These relations are illustrated 
in figure 16 . 



Fig. 17. The influence of soil texture on the probable differences in elevations 
of the water table and the surfaces of water saturation in the soil under equilibrium 
conditions. 


The above facts have an important bearing on drainage. In the finer 
textured soils it is necessary to place drains comparatively deep in order 
to be sure that, in the upper few feet of soil, the capillary potential will 
be high and thus bring alx)ut a low moisture content. Moreover, both 
observations and experiment tend to show that very fine-textured soils 
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have such a high capillary potential with comparatively large per- 
centages of capillary water that the soils actually remain saturated 
considerable distances above the water table as illustrated in figure 17. 
A very fine-textured soil thus holds the gravitational water in equi- 
librium above the water table a distance hz; a medium-textured one a 
distance hz] and a coarse-textured one a very small distance Ai, in which 
hz^hi'^hi. 

The above examples suggest other possible applications of hydro- 
mechanics to irrigation and drainage problems. Recent applications by 
Linford^^ in a study of the relation of light to soil moisture phenomena 
seem to be very promising. The application of analytical methods to 
problems in irrigation and drainage, which are admittedly complex, is 
undoubtedly a more rational procedure than the pursuing of empirical 
methods without the guidance of fundamental principles. The hetero- 
geneity of soils in reality increases rather than decreases the need for 
applying the laws of motion to these problems, despite the conditions 
of extreme variability sometimes encountered in soils in which measure- 
ments of soil moisture content or flow by any method are impracticable. 


SUMMARY AND CONCLUSIONS 

1. Knowledge of the laws which govern the movement of ground 
water and soil moisture is essential to its effective control. 

2. The fundamental hydrodynamical equation of motion and the 
equation of continuity may be applied to irrigation and drainage 
problems. 

3. For irrotational motion the velocity may be derived from a 
potential. 

4. The driving forces in the formula for flow of water in open 
channels and in pipes are derivable from a potential. 

5. Applications of hydrodynamics to ground-water and soil- 
moisture movement have been made by only a few investigators. 

6. The capillary potential can be measured in the laboratory with 
the aid of porous cups by methods herein described. 

7. The capillary potential 4^ is a function of the moisture content 
p'. Analysis of 84 determinations of the relation of ^ to p' suggest 
that it may be represented by an equilateral hyperbola of the form 
(p'^a)(^+6)=c. 

8. The moisture distribution at equilibrium in a vertical soil 
column IB not uniform but decreases with height . above the water table. 
Such distribution qualitatively confirms the requirements for an equi^ 
potential moisture region. 
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.VARIATION IN THE REACTIONS OBTAINED IN 
REPEATED AGGLUTINATION TESTS OF 
THE SAME FOWLS WITH BACTERIUM 
PULLORUM ANTIGEN 

J. E. BEACHi 


Introduction 

The studies by Rettger^^» and Rettger and Harvey/®^ reported 
in four papers published between 1900 and 1909, definitely established 
the disease of young chicks commonly known as ‘Svhite diarrhea’’ to 
be a specific infectious disease, the causative organism of which was 
designated Bacterium puUorum. Further studies by Rettger and his 
associates were reported in 1909,^®^ 1911^®^ 1912,^^^ and 1914/®’ 
They determined that apparently healthy adult fowls may be carriers 
of Bact, pullorum. The infection in hens usually becomes localized 
in the ovaries and is eliminated in the eggs. When such eggs are used 
for hatching, the infection is transmitted to chicks. This is considered 
the usual source of Bact. ptdlorum infection in chicks. Jones^^®* in 
1910 and 1911 and Gage^^^^ in 1911 published the results of investiga- 
tions which confirmed the findings of Rettger and his associates. 

The most important problem in the prevention of the disease in 
chicks, therefore, became the detection and elimination of infected 
breeding stock. In 1913 Jones^^®^ demonstrated that the agglutination 
test was of value for this purpose. His findings were confirnied by 
others and the testing of breeding flocks by this method has been 
practiced extensively for several years. 

1 Assistant Professor of Veterinary Science and Associate Veterinarian in 
the Experiment Station. 
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All who have made careful study of the agglutination test for 
detecting carriers of Bact, pullorum recognize that repeated tests are 
necessary for the elimination of all infected fowls in a flock. The 
failure of a single test to detect all of the infected fowls is commonly 
considered to be due either to certain birds having acquired infection 
too recently for the production of sufiScient agglutinins in their blood 
serum to cause an agglutination reaction or to certain birds becoming 
infected after the test, either from association with the infected birds 
or from contaminated litter and soil. It is commonly considered, how- 
ever, that after agglutinins have become sufficiently abundant to cause 
a reaction, they will remain so as long as the fowl continues to harbor 
Bact, pnUorum, 

The workers in the laboratories of the Division of Veterinary 
Science, University of California had no reason to doubt that fowls 
with well-established infection with Bact, pullorum would uniformly 
react to the agglutination test until, in the routine testing that was 
being carried on, it became necessary to make tests of two lots of 
blood samples from tlie same birds at an interval of twenty-one days. 
On August 23, 1923, a test was made on a lot of 574 blood samples. 
Another lot of blood samples from this flock was received on September 
15, 1925, and included duy)licates of 888 samples that had been tested 
twenty-one days previously. The comparative results of the tests of 
the two samples of blood from 888 fowls were as follows : 

Six fowls reacted to both tests. 

Twelve fowls that gave a positive reaction to the first test failed to 
react to the second test. 

Three fowls that were negative at the first test reacted to the 
second test. 

Such discrepancies in the results of the two tests could not be 
ascribed to differences between the antigens or methods because these 
were the same for both tests. They could hardly be considered as due 
to certain fowls having become free from and others having acquired 
infection between the two tests because of the short interval between 
them. Therefore, it seemed probable that all of the fowls that had 
reacted to either one or both tests were infected at the time each test 
was made but certain of them had failed to react to one test. If this 
assumption is correct, it would indicate that fowls may not con- 
stantly give a positive reaction to the agglutination test while they are 
carriers of Bcuit, pullorum. It was to obtain information on this point 
that the studies herein reported were undertaken. 
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Other points regarding which it was thought information might 
be obtained were : 

First, the correlation between intensity of egg production, age of 
the birds or season of the year and any variability in the reactions to 
repeated agglutination tests of the same individuals that is found to 
occur ; 

Second, the accuracy with which the results of an agglutination 
test may be interpreted to indicate the presence or absence of Bact, 
pullorum infection ; 

Third, the rapidity with which Bact, pullorum infection may 
spread among non-infected adult females from association with 
infected adult females. 

Plan op the Experiment 

In December, 1925, 200 White Leghorn pullets, from 8 to 9 months 
old, were obtained from a flock in which Bact, pullorum infection was 
kno^vn to exist. They were immediately leg-banded and subjected to 
an agglutination test. Seventy of the birds gave a positive reaction 
in at least one dilution and 130 failed to react. The seventy reactors 
and eighty of the non-reactors were placed together in one house and 
designated group 1 and group 2, respectively. The remaining fifty 
non-reactors were placed in a separate house and designated group 3. 
Outside runs were not provided. An agglutination test of the blood 
serum of all birds was made once each month. This procedure is to 
continue for at least two years, but this report is concerned only with 
the first twelve months. 

A careful search for Bact, pullorum w^as made in all birds that 
died from any cause, except certain ones otherwise accounted for. 

The antigen was prepared from a single strain of Bact, pullorum 
of known good agglutinability that had been isolated from a chick. 
Cultures \vere incubated on agar for 48 hours and the growth washed 
off with sterile, physiological salt solution containing 0.5 per cent 
phenol. Cultural and microscopic tests were made of each lot of 
antigen to insure freedom from contamination. The antigen in con- 
centrated form was stored in an ice box. It was diluted with sufficient 
phenolized saline to give a reading of 3.5 cm. Avith a Gates’ tiephelo- 
meter at the time the tests were made. 

In all of the tests, four dilutions of serum and antigen were usea, 
i.e., 1-25, 1-50, 1-100 and 1-200. The tubes \vere incubated for 
24 hours and kept at room temperature 24 hours longer. Readings 
were made after 24 and 48 hours. 
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Summary and Discussion op the Results of the Agglutination 
Tests of the Fowls in Group 1 

This group consisted of seventy birds that gave a positive reaction 
to the first agglutination test. However, there was a marked variation 
in the number of these birds that reacted at each of the eleven sub- 
sequent monthly tests. A summary of the results of the tests and the 
average egg production during each month is given in table 1. The 
gradual decrease in the number of birds in the group is due to deaths 
that occurred. 


TABLE 1 

Summary of the Results of 12 Agglutination Tests and Ego Production 

OF Group 1 


Month 

Number of 
birds in 
group 

Number of 
reactors 

Per cent 
reactors 

Per cent egg 
productiob for 
the month 

December 

70 

70 

100.0 

0. 

January 

70 

38 

54.2 

1.3 

February 

68 

39 

57.3 

2.9 

March 

60 

44 

73.3 

27.2 

April 

59 

29 

49.1 

39.5 

May 

58 

26 

44.8 

45.7 

June 

56 

23 

41.0 

41.4 

July 

54 

31 

57.3 

28.2 

August 

53 

26 ' 

49.0 

21.7 

September 

51 

25 

49.0 

21.9 

October 

51 

22 

43.1 

12.2 

November 

50 

19 

38.0 

3.6 


In table 1, it is seen that at none of the tests after the first were 
reactions obtained from all of the birds that reacted to the first test. 
The nearest approach to this was in March, when 73.3 per cent of the 
birds reacted. In January, February and July, positive reactions 
were obtained from 54.2 per cent, 57.3 per cent and 57.3 per cent of 
the birds, respectively. Less than half of the birds gave a positive 
reaction at each of the seven other tests, the percentage ranging from 
49 in April, August and September down to 38 in November. Table 1 
also clearly shows that the variation in the number of birds that 
reacted at the different tests was not correlated to that of egg 
production. 

The progressive decrease in the number of reactors to each of the 
tests after July suggests that the decrease may be in correlation with 
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the increasing age of the birds. However, a similar decline in num- 
ber of reactors occurred between March and June, but was followed 
by an increase in the number of reactors to the test in July. 

The difference in the number of the birds of group 1 that reacted 
to each of the twelve tests was not merely a progressive decrease due 
to certain of the birds ceasing to react, but was also due to a fluctua- 
tion between positive and negative of the reactions which some indi- 
vidual birds gave to the different agglutination tests. This is shown 
by the increase in the number of positive reactions obtained in March 
over that obtained in January or February and in the number in July 
over that obtained in April, May or June. It is more clearly brought 
out, however, by the following detailed summary of the reactions to 
the agglutination test of the fifty birds that lived during the entire 
year and were tested twelve times. 

A general summary of the number of the fifty birds that reacted 
to each of the twelve tests is given in table 2. 


TABLE 2 

Summary of Results of Ackjlitti nation Tests of 50 Birds of (iROup 1 that 
WERE Tested Twelve Times 


Number of test 

Month 

Number of reactors 

Per cent reactors 

1 

Deceml)er.. 

50 

100.0 

2 

January. . . . 

31 

62.0 

3 

February.. . . 

28 

56.0 

4 

March 

36 

72.0 

5 

April. . 

23 

46.0 

6 

May.. . . 

21 

42.0 

7 

June . 

19 

38.0 

8 

July... 

27 

,54.0 

9 

August 

24 

48.0 

10 

September 

24 

48.0 

11 

October 

21 

42.0 

12 

November 

19 

38.0 


In table 2, it is seen that the variation in the percentage of the 
fifty birds that gave positive reactions to the different agglutination 
tests closely follows that shown in table 1 for the whole of group 1. 
Of the fifty birds that were tested twelve times 

10, or 20 per cent gave a positive reaction to all 12 tests. 

4, or 8 per cent gave a positive reaction to 11 tests. 

4, or 8 per cent gave a positive reaction to 10 tests. 

2, or 4 per cent gave a positive reaction to 9 tests. 
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1, or 2 per cent gave a positive reaction to 8 tests. 

3, or 6 per cent gave a positive reaction to 7 tests. 

1, or 2 per cent gave a positive reaction to 6 tests. 

4, or 8 per cent gave a positive reaction to 5 tests. 

4, or 8 per cent gave a positive reaction to 4 tests. 

5, or 10 per cent gave a positive rtaction to 3 tests. 

4, or 8 per cent gave a positive reaction to 2 tests. 

8, or 16 per cent did not react after the first test. 

The distribution of the positive and negative reactions to the 
agglutination tests of the forty birds that did not give a positive 
reaction to all of the twelve tests is given in table 3. 

A study of table 3 shows that the positive reactions of twenty-six 
of the thirty-two fowls that reacted to from two to eleven tests were 
interspersed with negative reactions to one or more consecutive tests. 
The most commonly occurring irregularity of this nature was one 
negative reaction between two positive reactions. This occurred in 
nineteen instances. Negative reactions to two consecutive tests between 
positive tests occurred in seven instances; to three consecutive tests in 
three instances; to four consecutive tests in three instances; to five 
consecutive tests in three instances ; and to seven consecutive tests in 
one instance. 

Table 3 also shows that certain of the birds, after giving positive 
reactions either consistently or irregularly to one or more tests, did 
not react to any subsequent test. The number of such birds and the 
last test to which a positive reaction was obtained is as follows : 

8 birds did not react after the first test. 

2 birds did not react after the third test. 

3 birds did not react after the fourth test. 

3 birds did not react after the fifth test. 

3 birds did not react after the eighth test. 

1 bird did not react after the ninth test. 

5 birds did not react after the tenth test. 

4 birds did not react after the eleventh test. 

The disappearance of agglutinins from the blood serum of the 
sixteen birds that failed to react after the first, third, fourth or fifth 
test is possibly due to the birds having become free from Boot, 
pullorum infection. These birds cannot with certainty be regarded 
as free from infection, however, because, as will be shown later, Bact. 
pulldrum was isolated from the ovaries of six birds of group 1 thAt 
died after having failed to react to from one to three agglutination 
tests next preceding their deaths. 
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TABLE 3 

The Distribution of the Positive and Negative Reactions of 40 Birds of 
Group 1 that did not React to all of the Twelve Agglutination Tests 


Number 

of 

positive 

reactions 

Total 
num* 
her of 
birds 

Number 
of birds 
that gave 
the same 
reaction to 
each test 

Tests at which a positive 
reaction occurred 

Teste at which a negative 
reaction occurred 



1 

First and second; fourth 

Third 




to twelfth 


11 

4 

1 

First to sixth; eighth to 

Seventh 




twelfth 




2 

First to eleventh 

I 

Twelfth 



1 

First to fifth; seventh to 

Sixth and tenth 




ninth; eleventh and 





twelfth 


10 

4 

1 

First to tenth 

Eleventh and twelfth 



1 

First to fourth; sixth; 

Fifth and seventh 




eighth to twelfth 




1 

First to third; fifth to 

Fourth and twelfth 




eleventh 


1 


1 

First to fourth; sixth to 

Fifth, eleventh and twelfth 

9 

2 


tenth 




1 

First and second; six+h 

Third, fourth and fifth 




to twelfth 





First; third to fifth; 


8 

1 

1 

eighth and ninth; elev- 

Second, sixth, seventh, tenth 




enth and twelfth 




1 

First to fourth; ninth and 

Fifth to eighth; eleventh 

7 

3 


tenth; twelfth 




1 

First; seventh to twelfth 

Second to sixth 



1 

First to sixth; eleventh ... 

Seventh to tenth; twelfth 

6 

1 

1 

First and second; fourth 

Third; seventh; ninth to 




to sixth; eighth 

twelfth 



1 

First to fifth 

Sixth to twelfth 



1 

First and second; fourth 

Third; sixth and seventh; 

5 

4 


and fifth; eighth 

ninth to twelfth 



1 

First to fourth; twelfth ... 

Fifth to eleventh 



1 

First to third; eighth and 

Fourth to seventh; tenth to 




ninth 

twelfth 
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Table 3 — {Continued) 


Number 

of 

positive 

reactions 

Total 
num* 
ber of 
birds 

Number 
of birds 
that gave 
the same 
reaction to 
each test 

Tests at which a positive 
reaction occurred 

Tests at which a negative 
reaction occurred 



1 

First and second; fourth 

Third; sixth to twelfth 




and fifth 




1 

First; fourth; eighth; 

Second and third; fifth to 

4 

4 


tenth 

seventh; ninth; eleventh 





and twelfth 



1 

First to fourth 

Fifth to twelfth 



1 

First, third and fourth; 

Second; fifth to ninth; elev- 




tenth 

enth and twelfth 



1 

First and second; fourth. 

Third; fifth to twelfth 



1 

First; fourth; tenth 

Second and third; fifth to 





ninth; eleventh and twelfth 

3 

5 

1 

First; fourth; eighth 

Second and third; fifth to 





seventh; ninth to twelfth 



1 

First; fourth and fifth ... 

Second and third; sixth to 





twelfth 



1 

First, second and third ... 

Fourth to twelfth 



3 

First and fourth 

Second and third; fifth to 

2 

4 



twelfth 



1 

First and third 

Second; fourth to twelfth 

1 

8 

8 

First 

Second to twelfth 


Any or all of the birds that gave positive reactions up to the 
eighth or subsequent tests can reasonably be expected to again react 
since the number of tests to which these birds have given a negative 
reaction is no greater than the number of consecutive negative 
reactions that occurred between the positive reactions of some of the 
birds that reacted irregularly to the tests. 

The variation in the number of birds of group 1 that reacted to 
each of the twelve agglutination tests made at intervals of approxi- 
mately one month is, therefore, manifested in two ways: first, by 
fluctuation between positive and negative of the reactions of some 
individuals to the different tests, and, second, by certain of the birds, 
after giving a positive reaction to one or more tests, ceasing to react 
to all subsequent tests. 
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Studies by Beach, Halpin and Lampman^^*^ that were carried on at 
the same time as those herein reported showed similar variation in 
the reactions to the agglutination test exhibited by a flock of hens 
that was tested twelve times in thirteen months. 


Summary op Results op the Agglutination Tests and Postmortem 
Examination op the Fowls that Died in Group 1 

The mortality in group 1 during the year was twenty fowls. Two 
were not examined. The remaining eighteen were carefully examined 
for the presence of gross ovarian or other lesions suggestive of Bact, 
pullorum infection. A bacteriologic examination, particularly for the 
purpose of determining the presence of Bact. pullorum, was made of 
the ovaries and yolks of these birds. The results are given in table 4 : 

TABLE 4 

Results of Agglutination Tests and Postmortem Examination of Twenty 
Fowls that Died in Group 1 


Number 
of agglu- 
tination 
tests 

Tests giving 
positive 
reaction 

Tests giving 
negative 
reaction 

Condition of 
ovary 

Ovarian lesions 
found 

Results of 
bacteriologic 
examination of 
ovaries 

2 

First 

Second 

Active 

None 

Negative 

3 

AU 

None 

Dormant 

Abnormal yolks 

Bact. pullorum isolated 

3 

First 

Second and 
third 

Dormant .... 

Congestion. No 
abnormal yolks 

Bact. pullorum isolated 

4 

7 

First and 
second 

First, third 
and fourth 

Third and 
fourth 

Second, fifth, 
sixth, sev- 
enth 

Dormant 

Not examined 

Abnormal yolks 

Bact. pullorum isolated 

8 

All : 

None 

Active 

Abnormal yolks . 
Abnormal yolks 

Bact. pullorum isolated 
Bact. pullorum isolated 

10 

AU 

None 

Dormant 

11 

AU 

None 

Dormant . . . 

Abnormal yolks 

Bact. pullorum isolated 

3 

First 

Second and 
third 

Dormant 

Abnormal yolks 

Bact. pullorum isolated 

2 

First 

Second 

Dormant.... 

None 

Bact. pullorum isolated 

3 

First and third 

Second 

Dormant 

Abnormal yolks.. 

Bact. puUorum isolated 

6 

First to fifth. ... 

Sixth 

Dormant 

Abnormal yolks 

Bact. pullorum isolated 

3 

First and third 

Second 

Dormant 

Abnormal yolks.. 

Bact. pullorum isolated 

5 

First, third, 
fourth 

Second, fifth . 

Active 

Abnormal yolks . 

Negative 

» 1 

First, third, 
fourth, sixth, 
eighth 

Second, fifth, 
seventh, 
ninth 

Active 

Abnormal yolks.. 

Bact. pullorum isolated 

• 

First 

First 

Second, third 
Second to sixth 

Dormant 

Not examined. 

Abnormal yolks . 

Bact. pullorum isolated 

8 

AU 

None 

Dormant 

Abnormal yolks.. 

Bact. pullorum isolated 

3 

First 

Second, third . 
Second, third, 
fourth 

Dormant 

Abnormal yolks . 
Abnormal yolks . 

Bact. pullorum isolated 

4 

First 

Active 

Bact. pullorum isolated 
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A study of the summarized data concerning the twenty dead fowls 
from group 1, as given in table 4, shows the following : 

No examination was made of two fowls. 

Bact, pullorurrp was isolated from the ovaries of sixteen of the 
eighteen fowls examined. Gross ovarian lesions, in the form of 
abnormal yolks, were present in fourteen of these. Congestion of the 
ovary was the abnormality found in one. In the one remaining fowl 
from which Bact, pullorum was isolated, no ovarian abnormality nor 
other lesion suggestive of infection with Bact. pullorum was observed. 
Five of the sixteen fowls that yielded Bact. pullorum at the bacterio- 
logic examination reacted to all agglutination tests before their death. 
Three failed to react to all tests but did to the one next preceding 
their death. Two did not react to the last agglutination test, five 
did not react to the last two tests, and one did not react to the last 
three tests, preceding their death. This definitely shows fowls with 
well-established ovarian infection with Bact. pullorum may not always 
have sufficient agglutinins in their blood serum to cause a reaction to 
the agglutination tests. 

The ovary of one of the two reacting fowls from which Bact. 
pullorum was not isolated was normal in appearance. The ovary of 
the other bird contained abnormal yolks. The negative results of the 
bacteriologic examination of these two birds cannot be considered as 
positive evidence that they were not carriers of Bact. pullorum. The 
organism may have been present in them even though it was not 
recovered in cultures. 

The comparative results of the agglutination tests and bacteriologic 
examination of the eighteen dead fowls indicate that a high percentage 
of fowls that give a positive reaction to an agglutination test for the 
detection of Bact. pullorum infection are carriers of that organism. 
This is true even though such fowls fail to react to agglutination tests 
made one to three months later. As previously stated, the term 
“positive reaction’’ in this paper is applied to partial or complete 
clearing of any one or all of the four serum-antigen dilutions, 1-25, 
1-50, 1-100 and 1-200. 


Summary of Results of the Agglutination Tests of the Fowls 

IN Group 2 

Group 2 consisted of eighty of the fowls that did not react to the 
first agglutination test and that were confined in the same pen with 
group 1, the fowls that reacted to the first test. 
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Twelve of these fowls reacted to some of the subsequent agglutina- 
tion tests. The tests to which these birds gave positive reactions were 
as follows : 

One fowl gave a positive reaction to the second, third, fourth and 
fifth tests, and a negative reaction to the sixth test. This bird after- 
wards disappeared from the pen and no further data concerning it 
was obtained. 

One fowl gave a positive reaction to the fourth, fifth and eighth 
to twelfth tests. 

One fowl gave a positive reaction to the fourth, fifth, eighth and 
ninth tests. 

One fowl gave a positive reaction to the fourth and eighth tests. 

Five fowls gave a positive reaction to the fourth test only. The 
reactions of two of these consisted only of a partial clearing of the 
lowest of the four serum-antigen dilutions. Since these two birds gave 
only a slight reaction to the one test and no reaction to the other tests, 
it is perhaps incorrect to classify them as reactors. 

One fowl gave a positive reaction to the eighth and ninth tests. 

One fowl gave a positive reaction to the tenth test. 

One fowl gave a positive reaction to the eleventh and twelfth tests. 

With the exception of the one that disappeared from the pen, all 
of the fowls that became reactors to the agglutination test are still 
living. No opportunity for postmortem and bacteriologic examination 
of any of them has, therefore, been afforded. 

Nine of the fowls were negative to from one to three agglutination 
tests before they gave a positive reaction. This number of negative 
reactions is no greater than the number of consecutive negative 
reactions that occurred between the positive reactions of some of the 
birds of group 1. Therefore, it seems just as probable that the positive 
reactions of these birds resulted from Bact. pidlorum infection which 
they were harboring when the experiment started as from infection 
which they acquired from association with the infected birds. 

The other three birds that became reactors did not react until the 
eighth, tenth and eleventh tests, respectively. It does not seem improb- 
able, therefore, that the positive reaction to the agglutination test of 
these birds was due to infection with Bact, pMorum acquired after the 
experiment started. This indicates that transmission of Bact, pullorum 
infection among adult fowls by association of infected and non-infected 
may be an important factor in increasing the extent of the infection 
in breeding flocks. 
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Results of Postmortem Examinations op the Fowls in Qroup 2 

THAT Died 

Twenty-four hens died during the year. None of these had given 
a positive reaction to an agglutination test. Three of the dead were 
not examined. Twenty-one were given a careful postmortem examina- 
tion for gross lesions, particularly of the ovary, that might be sug- 
gestive of Baci, pullomm infection. Cultures were made from the 
ovaries of these birds. 

The bacteriologic examination of eighteen birds gave negative 
results. The ovaries of eleven of these birds were normal in appear- 
ance ; a small cyst was attached to the ovaries of two ; the ovaries of 
two birds were congested; and a few small abnormal , yolks were 
present in three birds. 

Bact, pullorum was isolated from the ovaries of the remaining 
three of the twenty-one birds examined. Abnormal yolks were present 
in all three birds. Two of these had been negative to three agglutina- 
tion tests and one to five tests. This is additional evidence that fowls 
with infection of the ovaries with Bact. pMornm may fail to react 
to the agglutination test. 


Summary of the Results Obtained with Group 3 

This group consisted of fifty fowls that did not react to the first 
test and were kept separated from all other fowls during the year. 

Forty-nine of the birds did not react to any of the agglutination 
tests during the year. Twelve of these birds died during the year. 
The deaths occurred after they had been tested from two to ten times. 
Examination was not made in the case of six of these. Postmortem 
examination of the remaining six showed the ovaries to be normal in 
appearance with the exception of a pea-sized tumor-like mass of tissue 
attached to the ovary of one bird. The bacteriologic examination of 
these six fowls gave negative results. 

One fowl reacted to the fifth and sixth tests. This fowl died soon 
after the sixth test. The ovary contained several large abnormal yolks 
from which Boot, pvllorum was isolated. It seems unlikely that this 
bird became infected from association with the other birds of group 3 
since the experiment started as the results of the agglutination tests 
and the postmortem examination of those that died indicate that none 
of the other birds were infected. Furthermore, the lesions, found in 
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this fowl seemed too extensive to have resulted from recently acquired 
infection. It appears probable, therefore, that although this fowl 
did not give a positive reaction until the fifth month of the experiment, 
it was harboring infection when the experiment started. 


Variation in the Degree of the Positive Reactions to the 
Agglutination Tests 

In preceding pages, it has been pointed out that reactions to the 
agglutination tests of many of the birds fluctuated between positive 
and negative. A reaction was considered to be positive when there 
was entire or partial clearing of any one of the four serum-antigen 
dilutions. It was found that a great variation existed between the 
degree of the positive reactions of the birds that reacted more than 
once. In fact, the blood serum of no bird that reacted to more than 
one test caused the same degree of agglutination in all of the tests in 
which a positive reaction was secured. The total number of positive 
reactions obtained w^as 418. The variation in the degree of reactions 
is summarized in table 5. 


TABLE 5 

Variation in the Degree of the 418 Positive Reactions to the 
Agglutination Test 


Dilutions in which agglutination occurred* 

Number of 
reactions 

Per cent of 
total reactions 

Partial in 1-25 dilution. No agglutination in others ... . 

26 

6.1 

Complete in 1-25 dilution. No agglutination in others . 

72 

17.2 

Partial or complete in 1-25 and 1-50 dilutions. No 



agglutination fn others 

133 

29.4 

Partial or complete in 1-25, 1-50 and 1-100 dilutions. 



No agglutination in others 

71 

16.9 

Partial or complete in 1-25, 1-50, 1-100 and 1-200 



dilutions 

116 

25.3 



* In every instance, there was agglutination in all dilutions below the highest dilution in which 
agglutination occurred. 


It is shown by table 5 that fewer positive reactions would Have been 
obtained if the lowest serum-antigen dilution had been higher than 
1-25. If the lowest dilution had been 1-50 there would have been 
98 or 23.4 per cent less positive reactions, if the lowest dilution had 
been 1-100, there would have been 231 or 55.2 per cent less positive 
reactions. 
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Such variation in the results of the agglutination tests gives rise 
to the question of whether an agglutination in low dilution only can 
be interpreted as indicating infection with Bact, pMorum, Some 
information on this point is furnished by the positive reactions to 
the agglutination test of seventeen reacting fowls which died and 
from which Bact, pullorum was isolated. Fifty-nine positive reactions 
were obtained from these seventeen birds. Table 6 gives a summary 
of the variation in the degree of the reactions. 

TABLE 6 

Variation in the Degree of 59 Positive Beactions to the Agglutination 
Tests of 17 Fowls that Died and from which Bact, pullorum 
Was Isolated 


Dilutions in which agglutination occurred 

> y 

Number of 
reactions 

Per cent of 
total reactions 

Partial in 1-25 dilution. No agglutination in others 

3 

5.0 

Complete in 1-25 dilution. No agglutination in others.. 

13 

22.0 

Partial or complete in 1-25 and 1-50 dilutions. No 



agglutination in others 

20 

33.8 

Partial or complete in 1-25, 1-50 and 1-100 dilutions. 



No agglutination in others 

11 

18.6 

Partial or complete in 1-25, 1-50, 1-100 and 1-200 



dilutions 

12 

20.3 



By comparing table 6 with table 5, it is seen that the variation in 
the degree of the positive reaction to the agglutination tests of the 
seventeen fowls that were known to harbor Bact, pullorum closely 
follows the variation in the degree of the positive reactions of all 
of the birds. The fact that in more than half of the positive reactions 
of these seventeen known infected fowls agglutination was obtained 
only in one or both of the 1-25 and 1-50 dilutions indicates that any 
fowl that gives a positive agglutination reaction in these dilutions but 
not in higher dilutions may be a carrier of Bact, pullorum. It would, 
therefore, be expected that any agglutination test procedure for the 
detection of carriers of Bact, pullorum should include a serum-antigen 
dilution as low as 1-25. 
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Conclusions 

This paper presents the results of the first twelve of a series of at 
least twenty-four monthly agglutination tests of the same fowls for 
the detection of Bact. pullorum infection, together with the results 
of the bacteriologic examinations of the fowls that have died during 
the twelve month period. Complete interpretation of the results of 
these tests cannot be made until the experiment is terminated and a 
postmortem and bacteriologic examination is made of all of the fowls. 
The information obtained from the results of the first year of the 
experiment, however, would seem to warrant the following conclusions : 

Adult fowls with well-established ovarian infection with Bact. 
pullorum may not always react to an agglutination test. This factor 
seriously affects the dependability of the agglutination test as a means 
of detecting Bact. pullorum carriers and therefore detracts from the 
practical value of the tests as a means for the complete eradication of 
the infection from a breeding fiock. 

A fowl that has reacted to an agglutination test may not react to 
subsequent tests even though it is still infected with Bact. pullorum. 
Therefore, a fowl that has once reacted to a test cannot be considered 
as free from the infection if it fails to react to tests that are made 
subsequently. 

A positive reaction to the agglutination test may be considered as 
a highly accurate indication of Bact. pullorum infection. A negative 
reaction to a test, however, appears to less accurately indicate free- 
dom from Bact. pullorum infection, either recently acquired or of 
long standing. 

In an agglutination test procedure with an antigen of equal or 
greater density than that used in these studies, a serum-antigen dilu- 
tion at least as low as 1-25 should be included. Clearing of the 1-25 
dilution alone or accompanied by clearing of one or more higher 
dilutions of the same serum can be interpreted as a positive reaction. 

No information regarding the interpretation of proagglutination 
or paradoxical reactions was obtained in these studies since this 
phenomenon was not encountered. 
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THE ELIMINATION OP CLOUDY REACTIONS BY 
THE USE OF FORMALIN AS A PRESERVATIVE 
FOR BACTERIUM PULLORUM ANTIGEN 

J. R. BEACm AND S. TER-MICHAELIAN2 


Introduction 

All who have used the agglutination test for the detection of fowls 
that harbor Bacterium pullorum have observed the occurrence of 
excessive turbidity in many tubes which seriously interfered with 
accurate reading of the reactions. Ilitchner,® in 1923, reported that 
the turbidity resulted from the precipitation of fat that is present in 
the blood serum of some fowls and that it could be avoided by 
starving fowls for thirty-six hours before blood samples were drawn. 
Matthews,^ in 1926, reported studies which he believed demonstrated 
that such turbidity was due to the presence of a protein rather than a 
fatty substance in blood serum of fowls. He stated that this protein 
substance was soluble in weak alkali solution and that clouding of 
agglutination tests could be avoided by adding a small amount of 
sodium hydroxide solution to antigen. 

Bushnell, Hinshaw and Payne,® in 1926, published a very complete 
discussion of bacillary white diarrhea in fowls which included a 
resume of the methods used by various agricultural experiment station 
laboratories in making agglutination tests. This resume shows that 
in twenty-four of twenty-eight laboratories, phenol is used for pre- 
servation of the antigen. The amount of phenol used is 0.5 per cent 
in nineteen laboratories and 0.4, 0.3, 0.25 and 0.2 per cent phenol in 
one each of four other laboratories. One laboratory was reported as 

1 Assistant Professor of Veterinary Science and Associate Veterinarian in 
the Experiment Station. 

2 Research Assistant in Veterinary Science. 

8 Hitchner, E. R. The macroscopic agglutination test as influenced by the 
fatty content of the blood serum of fowls. Jour. Amer. Vet. Med. Assn. 63: 
759-763. 1923. 

* Matthews, P. P. Obscured reactions in the agglutination test for bacillary 
‘White diarrhea. Jour. Immunology 11:499-504. 1926. 

B'Bushnell, L. D., W. R. Hinshaw, and L. F. Payne. Bacillary white diarrhea 
in fowl. Kansas Agr. Exp. Sta. Tech. Bui. 21:1-358, figs. 1-4. 1926. 
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using either 0.5 per cent phenol or 0.5 per cent formalin ; one as using 
a coal tar disinfectant (no percentage given) ; and two as using no 
preservative in the antigen. It is seen from the above that preserva- 
tion of antigen by the addition of 0.5 per cent phenol is the prevailing 
practice. In a further discussion of their own technique and that of 
other laboratories, these writers disclose that the reason for using 0.3 
per cent or a lesser amount of phenol in antigen is to avoid confusing 
turbidity. The writers also state that ‘^Formolized antigens do not 
cause a precipitation of the fat-like substance but antigens so prepared 
are not as reliable as when preserved with phenol.'^ Tittsler, in 
Pennsylvania, however, is reported by them as using 0.5 per cent 
formalin for preserving antigen. 

The laboratory of the Division of Veterinary Science, California 
Agricultural Experiment Station, was one of those using antigen con- 
taining 0.5 per cent phenol in routine testing of breeding flocks. 
Difficulty in interpreting the results of the tests on account of tur- 
bidity produced by certain sera was frequently encountered. An 
investigation of means of avoiding turbid or cloudy reactions was, 
therefore, undertaken. This investigation consisted of a comparison 
of the results of agglutination tests of the same sera with antigens 
containing varying amounts of phenol or formalin. 


Tests with Antigens Containing 0.1, 0.25, or 0.5 Per Cent Phenol 

The antigens were prepared by washing off the growth from 
48-hour agar cultures of Bact. pullorum with a small amount of 
physiological salt solution containing 0.5 per cent phenol. For the 
tests, this was diluted with sufficient physiological saline with or with- 
out the addition of phenol to give a reading of 3.5 cm. with a Gates® 
nephelometer and to make the final product contain the desired 
amount of phenol. 

Forty-eight sera were tested with three antigens containing 0.1, 
0.25 and 0.5 per cent of phenol respectively. Serum-antigen dilutions 
of 1-25 and 1-50 were used. Keadings were made after 24 hours at 
37.5® C and 24 hours at room temperature. The results are as follows : 

No positive reactions to the test occurred. 

In seventeen of the tests with 0.5 per cent phenolized antigen, there 
was either increased cloudiness of the fluid or sediment at the bottom 
of the tubes from the precipitation of a substance from the sera. 

0 Gates, F. L. A method of standardizing bacterial suspensions. Jour. 
Exp. Med. 31:105-114. 1920. 
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In ten of the tests with the 0.25 per cent phenolized antigen, there 
was some increase in cloudiness of the fluid due to a substance in the 
sera. The cloudiness in these cases was not nearly as marked as that 
which occurred in the tests of the same sera with 0.5 per cent 
phenolized antigen. 

In none of the tests with the 0.1 per cent phenolized antigen was 
there any cloudiness or sediment due to precipitation of a substance in 
the serum. In all 48 tests with this antigen, however, there was either 
an increase in cloudiness or there was sediment at the bottom of the 
tubes resulting from the multiplication of contaminating organisms 
that were present in the sera. 

The results of these preliminary agglutination tests of fowl serum 
with phenolized antigens indicated that cloudiness due to the pre- 
cipitation of a substance in the serum could be lessened in intensity 
or entirely avoided by using less than 0.5 per cent phenol in the 
antigen. When 0.25 per cent phenol was used, the degree of cloudi- 
ness from this cause was greatly reduced but not entirely eliminated. 
When 0.1 per cent phenol was used, no cloudiness from the precipita- 
tion of substances in the serum occurred. This latter amount of 
phenol, however, was insufficient to prevent the multiplication of the 
contaminating organisms in the serum and, therefore, would be 
unsatisfactory for use unless the blood was dra^vm and the test carried 
out under aseptic conditions. 


Tests with Antigens Containing 0.5 Per Cent Phenol, 0.5 Phenol, 
0.5 Per Cent Formalin or 0.1 Per Cent Formalin 

The 0.5 per cent phenolized antigen and 0.5 per cent formolized 
antigen were prepared by washing 48-hour agar cultures with a small 
amount of 0.5 per cent phenolized or formolized physiological snlt 
solution and diluting this concentrated suspension sufficiently with 
0.5 per cent phenolized or formolized saline solution at the time of 
use. The 0.1 per cent formolized antigen was prepared by diluting 
the concentrated 0.5 per cent formolized antigen with physiological 
salt solution and 0.1 per cent formolized physiological salt solution at 
the time of use. The turbidity standard of all antigens was a 3.5 cm. 
reading with a Gates ^ nephelometer. 

Agglutination tests of 970 sera were made with each of the three 
antigens. The dilutions of serum and antigen used were 1-25 and 
1-50. The results are as follows: 
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In no case was there any cloudiness or sediment resulting from 
bacterial multiplication. 

Cloudiness occurred in 340, or 35.0 per cent of the tests with 
phenolized antigen. No cloudiness occurred in the tests with for- 
molized antigens. 

A positive reaction in the 0.1 per cent formolized antigen was 
obtained with 168, or 17.3 per cent of the sera. Of these 168 sera 
that gave a positive reaction with the 0.1 per cent formolized antigen, 
127 sera (or 13.0 per cent of the total sera) also reacted positively 
with the other two antigens; 13 sera (1.3 per cent of the total sera) 
also reacted positively with the 0.5 per cent phenolized antigen but 
not with the 0.5 per cent formolized antigen; 19 sera (1.9 per cent of 
the total sera) also gave a positive reaction with the 0.5 per cent 
formolized antigen but not with the phenolized antigen; and 9 sera 
(0.9 per cent of the total sera) did not react Avith either of the other 
two antigens. 

All sera that reacted with either the phenolized or 0.5 per cent 
formolized antigen also reacted with the 0.1 per cent formolized 
antigen. 

Twenty-two of the twenty-eight sera that gave a positive agglutina- 
tion with the 0.1 per cent formolized antigen and no recognizable 
agglutination with the phenolized antigen caused clouding of the 
phenolized antigen. It is possible, therefore, that these twenty-two 
sera did cause an agglutination of the phenolized antigen which was 
obscured by the cloudiness. This may account for much of the dis- 
crepancy in the results obtained in these tests with the phenolized and 

0. 1 per cent formolized antigens. 

The explanation of the failure of tAventy-two of the sera that 
reacted with the 0.1 per cent formolized antigen to react with the 0.5 
per cent formolized antigen, however, is not so apparent. Since the 
only A^ariable factor Avas the amount of formalin in the antigens, it 
seems possible that, in these instances, the 0.5 per cent formalin may 
have exerted an unfavorable influence on the agglutination of the 
organisms in the antigen. 

The results of these comparative agglutination tests suggested that 
formalized antigens are more suitable for tests of fowl serum than 
phenolized antigens. Of the two amounts of formalin used in antigen, 

1. e., 0.1 per cent and 0.5 per cent, the former seemed more satis- 
factory. Therefore, additional comparative tests of fowl sera writh 
0.5 per cent phenolized antigen and 0.1 per cent formolized antigen 
were carried out. 
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Tests with Antigens Containing 0.5 Per Cent Phenol or 0.1 

Per Cent Formalin 

These tests were carried out as opportunity was afforded between 
February 23 and December 30, 1926, with blood samples from thirty- 
four flocks. 

The methods of preparation and standardization of the antigens 
were the same as in the preceding tests. Four serum-antigen dilu- 
tions, 1~25, 1-50, 1-100, and 1-200, were used in approximately one- 
third of the tests and two dilutions, 1-25 and 1-50, in the remainder. 

Duplicate tests of 4322 sera with two antigens containing 0.5 
per cent phenol and 0.1 j^er cent formalin, respectively, were made. 
The results are given in table 1. 

As shown in table 1, the number of the 4322 sera that reacted with 
either one or both of the 0.5 ])er cent phenolized antigen and the O.l 
per cent formolized antigen was 1009 or 23.3 per cent. Of this num- 
ber, 83 did not react with the phenolized antigen and 41 did not react 
with the formolized antigen, leaving 885 (20.4 per cent of all tests or 
87.7 per cent of all positive tests) that reacted with both antigens. 

Cloudiness of the phenolized antigen was caused by 1700 or 39.3 
per cent of the sera. The formolized antigen was not affected. The 
agglutination reaction of 298 of these sera was recorded as positive 
with both antigens, of 34 as positive with phenolized antigen only, 
and of 64 as positive with formolized antigen only. By comparing 
these numbers with the total number of sera that caused agglutination 
reaction with only one antigen, it is seen that 34 of 41 sera that gave 
a reaction recorded as positive with phenolized antigen only, and 64 
of 83 sera that gave a reaction recorded as positive with formolized 
antigen only also caused cloudiness of the phenolized antigen. 

Since cloudiness of serum-antigen mixtures makes interpretation 
of agglutination reactions uncertain, it is possible that incorrect read- 
ings were made of many or all of the reactions with the jjhenolized 
antigen of those sera that caused cloudiness of the phenolized antigen 
and an agglutination reaction recorded as positive with one antigen 
only. In such a case, an incorrect interpretation of the agglutination- 
test reactions with phenolized antigen may have been made of 34 of 
,the 41 sera that were recorded as reacting with phenolized antigen 
only and of 64 of the 83 sera that were recorded as reacting with 
formolized antigen only. This would leave but 26 or 0.6 per cent of 
all tests in which failure to secure the same interpretation of the 
agglutination reactions with both antigens might not have been due 
to the real reaction with the phenolized antigen being obscured by 
cloudiness. 
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TABLE 1 

Results op Agglutination Tests op 4,322 Fowl Sera with 0.5 Per Cent 
Phenolized Antigen and 0.1 Per Cent Formolized Antigen 


Number 
of sera 

Number that reacted 

Number cloudy with phenolised antigen 

With 

both 

antigens 

With 

phenolised 

antigen 

only 

With 

formolised 

antigen 

only 

Total 

Total 

Also 

reacted 

with 

both 

antigens 

Also 

reacted 

with 

phenolised 

antigen 

only 

Also 

reacted 

with 

formoltsed 

antigen 

only 

200 

3 

0 

5 

8 

151 

0 

0 

4 

65 

0 

0 

0 

0 

10 

0 

0 

0 

56 

3 

0 

0 

3 

46 

0 

0 

0 

92 

10 

0 

1 

11 

27 

1 

0 

0 

42 

1 

0 

0 

1 

25 

1 

0 

0 

11 

0 

0 

0 

0 

0 

0 

0 

0 

9 

1 

0 

0 

1 

1 

0 

0 

0 

9 

2 

0 

0 

2 

0 

0 

0 

0 

171 

54 

0 

2 

56 

52 

10 

0 

2 

54 

9 

0 

0 

9 

3 

0 

0 

0 

176 

34 

0 

10 

44 

61 

9 

0 

6 

170 

27 

0 

16 

43 

87 

12 

0 

14 

215 

0 

0 

1 

1 

56 

0 

0 

1 

218 

38 

0 

0 

38 

49 

2 

0 

0 

164 

24 

0 

5 

29 

86 

6 

0 

5 

125 

43 

0 

4 

47 

11 

4 

0 

4 

203 

21 

0 

0 

21 

103 

1 

0 

0 

190 

48 

1 

. 3 

52 

63. 

1 

0 

2 

161 

34 

0 

2 

36 

68 

5 

0 

1 

70 

0 

0 

0 

0 

22 

0 

0 

0 

114 

27 

0 

0 

27 

21 

0 

0 

0 

199 

67 

0 

0 

67 

64 

2 

0 

0 

50 

23 

0 

0 

23 

7 

0 

0 

0 

134 

13 

0 

2 

15 

48 

4 

0 

0 

96 

3 

0 

0 

3 

62 

0 

0 

0 

131 

2 

0 

0 

2 

82 

0 

0 

0 

13 

2 

0 

0 

2 

0 

0 

0 

0 

33 

5 

0 

0 

5 

0 

0 

0 

0 

21 

4 

0 

0 

4 

12 

0 

0 

0 

6 

0 

0 

0 

0 

0 

0 

0 

0 

36 

6 

0 

0 

6 

10 

0 

0 

0 

36 

6 

0 

0 

6 

0 

0 

0 

0 

156 

29 

0 

1 

30 

31 

6 

0 

1 

313 

167 

30 

10 

207 

275 

164 

28 

8 

152 

21 

2 

0 

23 

16 

0 

0 

0 

151 

21 

0 

4 

25 

1 

0 

0 

1 

280 

137 

8 

17 

162 

150 

70 

6 

15 

4322 

885 

41 

83 


1700 

298 

34 

64 
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Seven of the fowls whose blood serum had agglutinated the 
formolized antigen and had neither clouded nor agglutinated the phen- 
olized antigen were secured for autopsy. The postmortem and bac- 
teriological examinations of two of these birds were negative. Pour 
birds had abnormal yolks in the ovaries. Bad, pullorum was isolated 
from three of these. The seventh bird exhibited no ovarian abnormali- 
ties, but a mass of fibrinous exudate was present in the pericardial sac. 
Bad. pullorum was isolated from the exudate. These results demon- 
strate that at least a part of the fowls that reacted with the formolized 
antigen only were carriers of Bad. pullorum. 


Variations in the Degree of the Reactions with the Two 

Antigens 

The preceding discussion of the comparative results of the agglu- 
tination tests with O.f) per cent phenolized and 0.1 per cent formolized 
antigens has shown that 885 or 20.4 per cent of the sera gave a positive 
reaction with both antigens. In these tests, partial or complete agglu- 
tination in any serum-antigen dilution was considered a positive 
reaction. This classification, therefore, serres to differentiate the sera 
which produced no agglutination of either one or both antigens from 
those which produced some agglutination in one or more dilutions with 
each antigen, but does not indicate wdiether agglutination occurred in 
one or more dilutions or whether the number of dilutions in which 
agglutination occurred was the same for both antigens. In making 
an accurate comparison of the results with the two antigens, however, 
consideration of the degree of agglutination obtained vdth each antigen 
must be given. A summary of the data on this point is, therefore, 
included in this paper. 

Two dilutions, i.e., 1-25 and 1-50, were used in 3021 tests and four 
dilutions, i.e., 1-25, 1-50, 1-100 and 1-200 in 1301 tests. The results 
are as follow\s ; 

Two-dilution Tests . — A positive reaction with both antigens was 
obtained in 641 tests. In 546, or 85.1 per cent, agglutination occurred 
in the same dilutions of both antigens as follows : 

35 sera agglutinated the 1-25 dilution only. 

511 sera agglutinated both the 1-25 and 1-50 dilutions. 

In 95, or 14.8 per cent, of the positive tests, agglutination did not 
occur in the same dilutions of both antigens. The variations in these 
agglutination reactions were: 



552 


■ Hilgardia 


[Vol. 2, No. 15 


40 sera agglutinated the 1-25 dilution only of phenolized 
antigen and both dilutions of formolized antigen. 

55 sera agglutinated both dilutions of phenolized antigen and 
the 1-25 dilution only of formolized antigen. 

There was cloudiness of the phenolized antigen in 57 of the 95 tests. 
This might have been responsible for much of the difference in the 
readings of the reactions with the two antigens in these tests. 

Four-dilution Tests , — A positive reaction in both antigens was 
obtained in 244 tests. 

In 126, or 51.6 per cent, agglutination occurred in the same 
dilutions of both antigens as follows : 

27 sera agglutinated the 1-25 dilution only. 

39 sera agglutinated the 1-25 and 1-50 dilutions only. 

8 sera agglutinated the 1-25, 1-50 and 1-100 dilutions. 

59 sera agglutinated the 1-25, 1-50, 1-100 and 1-200 dilu- 
tions. 

In 118, or 48.3 per cent, of the j)ositive tests, the dilutions in 
which agglutination occurred were not the same for both antigens. 
The agglutination titre in fourteen of these tests was higher with the 
phenolized than with the formolized antigen, and in 104 tests the titre 
was higher with the formolized than with the phenolized antigen. 
The variations in these agglutination reactions are given in table 2. 


TABLE 2 


Variation in the Dilutions or Phenolized and Formolized Antigens 
Agglutinated by the Same Sera. I^ilutions op 1~25, 

1-50, 1-100 and 1-200 were Used 


Number of 
sera 

Dilutions of phenolized antigen 
agglutinated 

Dilutions of formolized antigen 
agglutinated 

Number of sera 
causing clouding 
of phenolized 
antigen 

2 

1-25, 1-50, 1-100, 1-200 

1-25, 1-50 

0 

3 

1-25, 1-50, 1-100, 1-200 

1-25, 1-50, 1-100 

1 

4 

1-25, 1-50, 1-100 

1-25, 1-50 

1 

5 

1-25, 1-50 

1-25 

1 

6 

1-25 

1-25, 1-50, 1-100, 1-200 

3 

28 

1-25, 1-50 

1-25, 1-50, 1-100, 1-200 

6 

28 

1-25, 1-50, 1-100 

1-25, 1-50, 1-100, 1-200 

3 

14 

1-25, 1-50 

1-25, 1-50, 1-100 

3 

5 

1-25 

1-25, 1-50, 1-100 

0 

23 

1-25 

1-25, 1-50 

9 
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It can be seen from the preceding data that there was little 
difference in the agglutination of the phenolized and formolized 
antigens in the 1-25 and 1-50 dilutions. Much of the difference that 
did exist might have been due to incorrect reading of the reaction in 
the phenolized antigen because of clouding of that antigen by some 
of the sera. A considerably larger number of sera, however, caused 
agglutination of the 1-100 and 1-200 dilutions of formolized antigen 
than in the corresponding dilutions of phenolized antigen. 


Discussion 

The results of the 4322 comparative tests indicate that antigen 
containing 0.1 per cent formalin is satisfactory for making agglutina- 
tion tests of blood serum from fowls. There was little difference in 
either the number or distribution of the sera which reacted with the 
two antigens. In the tests in which four dilutions were used and in 
which reactions to both antigens in at least one dilution were obtained, 
more sera caused agglutination in the 1-100 and 1-200 dilutions of 
formolized antigen than in the corresponding dilutions of phenolized 
antigen. 

The cloudiness which occurred in 1700 tests with phenolized 
antigen did not appear in the corresponding tests with formolized 
antigen. In this respect, the formolized antigen was more satisfactory 
than the phenolized antigen. 

It was observed that the clumps of bacteria formed by the agglu- 
tination of the organisms in the formolized antigen were smaller and 
more easily broken up than the clumps of bacteria in the jihenolized 
antigen. This was of no importance when complete agglutination 
occurred, but did make the reading of partial agglutinations more 
difficult in the formolized antigen than in the phenolized antigen. 
This feature of the behavior of formolized antigen, however, is an 
unimportant source of error in the interpretation of agglutination 
reactions when compared with the frequently-occurring cloudiness of 
phenolized antigen. 
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